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Herceptin®,  the  first  successful  cancer  treatment  that  targets  a  specific  gene  alteration  in  human 
breast  cancer,  was  approved  by  the  FDA  on  September  25, 1998.  This  drug  is  a  humanized  monoclonal 
antibody  directed  against  the  external  domain  of  HER-2  receptor  (rhuMAb  HER-2),  a  protein  over¬ 
expressed  in  25-30%  of  human  breast  cancers  and  associated  with  poor  clinical  outcome  (20,22,23,25,28). 
The  drug  bears  the  generic  name,  trastuzumab,  and  is  indicated  for  use  in  patients  with  metastatic  breast 
cancer  as  a  first-line  therapy  in  combination  with  chemotherapy  and  also  as  a  single  agent.  This  FDA 
approval  validates  the  concept  that  groAvth  factor  receptors  that  regulate  breast  cancer  cell  growth  can  be  an 
important  target  for  new  cancer  treatments  (16).  Experiments  funded  by  this  grant  led  to  the  discovery  that 
activation  of  growth  factor  receptors  by  Herceptin®  enhances  the  sensitivity  of  cells  to  drugs  that  damage 
DNA  and,  thereby,  potentiates  tumor  cell  death  (20,24,26). 

Approximately  30%  of  human  breast  cancers  have  amplification  and/or  overexpression  of  HER-2 
gene  which  encodes  a  cell  surface  growth  factor  receptor.  Our  work  confirms  earlier  observations  showing 
that  monoclonal  antibodies  to  HER-2  receptor  have  a  cytostatic  effect  in  suppressing  growth  of  breast 
cancer  cells  with  overexpression  of  HER-2  protein.  In  order  to  elicit  a  cytocidal  effect,  therapy  with  anti¬ 
receptor  antibody  was  used  in  combination  with  the  DNA-damaging  drug,  cisplatin,  and  this  combined 
treatment  produced  a  synergistic  decrease  in  cell  growth  which  was  significantly  different  from  the  effects 
of  either  antibody  or  cisplatin  given  alone  (1,21,24).  Moreover,  on  testing  the  use  of  repeated,  cyclic  doses 
of  cisplatin  in  combination  with  rhuMAb  HER-2,  we  found  a  more  profound  anticancer  effect  (24,26).  We 
found  that  the  order  of  antibody-drug  administration  was  critical  and  clearly  affected  the  magnitude  of 
observed  antitumor  responses  in  HER-2-overexpressing  human  breast  cancer  xenografts  (24,26).  The 
schedule  and  timing  of  therapeutic  agents  proved  very  important  in  achieving  synergistic  killing  of  tumor 
cells  in  the  clinic  (3,24,26). 

Recent  clinical  findings  suggest  that  overexpression  of  HER-2  oncogene  may  be  involved  in 
determining  the  sensitivity  of  human  cancers  to  chemotherapeutic  agents  (5,17,23).  To  define  the  effect  of 
HER-2  oncogene  expression  on  sensitivity  to  chemotherapeutic  drugs,  in  vitro  dose-response  curves 
following  exposure  to  7  different  classes  of  chemotherapeutic  agents  were  compared  for  HER-2  and  control- 
transfacted  cells  (17).  Chemosensitivity  was  also  tested  in  vivo  for  HER-2  and  control-transfected  human 
breast  cancer  xenografts  in  athymic  mice.  These  studies  indicate  that  HER-2  overexpression  alone  was  not 
sufficient  to  induce  intrinsic,  pleomorphic  drug  resistance.  In  addition,  changes  in  chemosensitivity  profiles 
resulting  from  HER-2  overexpression  were  cell  line-specific  in  vitro.  Under  in  vivo  treatment  conditions, 
HER-2-overexpressing  breast  cancer  xenografts  were  responsive  to  different  classes  of  chemotherapeutic 
drugs  as  compared  to  control  xenografts  (17).  We  found  no  statistically  significant  differences  in  chemo¬ 
sensitivity  between  HER-2-overexpressing  and  control  tumors.  However,  HER-2-overexpressing  tumor 
xenografts  exhibited  more  rapid  regrowth  than  control  xenografts  following  the  initial  response  to  chemo¬ 
therapy,  suggesting  that  a  high  rate  of  tumor  cell  proliferation  rather  than  intrinsic  drug  resistance  may  be 
responsible  for  the  adverse  prognosis  associated  with  HER-2  overexpression  in  human  breast  cancers.  It 
appears  that  the  growth  stimulus  afforded  by  overexpression  of  HER-2  receptor  allows  for  rapid  prolifer¬ 
ation  of  any  surviving  cells  following  treatment  with  chemotherapy.  This  may,  in  turn,  allow  the  emergence 
of  acquired  chemotherapeutic  drug  resistance  through  the  processes  of  clonal  or  adaptive  selection  of 
resistant  tumor  cells.  If,  as  our  experimental  data  suggest,  the  adverse  prognosis  seen  in  patients  with  tumors 
with  HER-2-overexpression  is  due  to  rapid  tumor  cell  proliferation  rather  than  de  novo  resistance  to  chemo¬ 
therapy,  then  mayitnizing  the  reduction  in  tumor  burden  with  more  active  chemotherapeutic  agents  and/or 
higher  dose  intensity  may  result  in  improved  clinical  responses.  This  hypothesis  is  consistent  with  recent 
findings  in  clinical  trials  (17)  and  suggests  that  assay  of  HER-2  levels  in  malignant  breast  tissue  is  of  crucial 
importance  in  the  selection  of  effective  treatment  regimens  for  affected  patients. 
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Members  of  both  steroid  and  peptide  receptor  classes  are  important  prognostic  factors  in  human 
breast  cancer  (5,22).  Clinical  data  indicate  that  overexpression  of  the  HER-2  gene  is  associated  with  an 
estrogen  receptor-negative  phenotype.  We  have  demonstrated  that  introduction  of  a  HER-2  cDNA, 
converting  non-overexpressing  breast  cancer  cells  to  those  which  overexpress  this  receptor,  results  in 
development  of  estrogen-independent  growth  that  is  insensitive  to  both  estrogen  and  the  antiestrogen, 
tamoxifen.  Moreover,  activation  of  HER-2  receptor  in  breast  cancer  cells  by  the  peptide  growth  factor, 
heregulin  (4,12),  leads  to  direct  and  rapid  phosphorylation  of  ER  on  tyrosine  residues.  This  is  followed  by 
interactions  between  ER  and  estrogen-response  elements  in  the  nucleus  and  production  of  an  estrogen- 
induced  protein,  progesterone  receptor  (PR).  With  long-term  exposure  to  HRG,  down-regulation  of  ER 
and,  in  turn,  PR  occurs,  producing  an  ER-/PR-  phenotype  (22).  These  data  demonstrate  a  direct  link 
between  these  two  receptor  pathways  and  suggest  one  mechanism  for  genesis  of  endocrine  resistance  in 
breast  cancers.  Since  overexpression  of  HER-2  receptor  in  breast  cancer  predicts  a  poor  response  to 
endocrine  therapy,  understanding  the  relationship  between  HER-2  and  ER  receptors  may  facilitate  patient 
management  and  the  development  of  more  effective  therapies. 

EXPERIMENTAL  RESULTS 

In  addition  to  final  report  information,  this  report  also  presents  data  for  the  reporting  period  from  1 
November  1998  to  30  October  1999.  The  experimental  results  will  be  presented  here  with  reference  to  the 
goals  outlined  in  the  original  Statement  of  Work.  We  have  made  further  progress  in  studies  of  the  thera¬ 
peutic  advantage  of  treatment  with  humanized  monoclonal  antibody  to  HER-2  receptor  (rhuMAb  HER-2  / 
Herceptin®)  in  combination  with  chemotherapeutic  drugs.  As  noted  above,  this  work  has  contributed,  in 
part,  to  FDA  approval  of  Herceptin®  for  use  in  the  treatment  of  patients  with  metastatic  breast  cancer. 

Task  1)  Dose  and  schedule  of  humanized  monoclonal  antibody  to  HER-2  receptor  on  growth  of 
biimpin  breast  cells  :  Task  completed.  No  additional  work  from  1  November  1998  to  30 
October  1999. 

Task  2)  Conditions  for  maximal  tumor  cell  killing  by  cisplatin  in  combination  with  monoclonal 
antibody  to  HER-2  :  Task  completed.  No  additional  work  from  1  November  1998  to  30 
October  1999. 

Task  3)  Sensitivity  of  cells  with  overexoression  of  HER-2  to  chemotherapeutic  drugs  (including 
drug/antibodv  synergy  and  molecular  mechanisms): 

Chemotherapeutic  drug  interactions  with  Herceptin® 

To  determine  how  best  to  use  Herceptin®  both  alone  and  in  combination  with  other 
therapeutic  agents,  we  imdertook  a  series  of  studies  to  evaluate  its  inhibitory  effects  in  both  in  vitro 
and  in  vivo  preclinical  models.  Results  of  these  studies  were  published  this  year  (19).  As  noted 
above,  our  investigations  showed  that  use  of  cisplatin  in  combination  with  Herceptin®  potentiated 
cytotoxicity  of  the  chemotherapeutic  agent  by  decreasing  DNA  repair  activity  following  cisplatin- 
induced  DNA  damage  (21,24).  This  effect,  termed  receptor-enhanced  chemosensitivity,  specifically 
targets  HER-2-overexpressing  cells  and  has  been  shown  to  be  synergistic,  resulting  in  a  two-log 
increase  in  cisplatin-induced  cytotoxicity  as  well  as  full  pathologic  remission  in  experimental 
animals  bearing  HER-2 -overexpressing  human  breast  cancer  xenografts  (21,24).  To  further 
characterize  the  nature  of  the  interaction  between  Herceptin®  and  other  classes  of  cytotoxic  drugs. 
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we  used  the  multiple  drug  analysis  method  to  determine  combination  index  (Cl)  values  for  a  variety 
of  chemotherapeutic  agent  /  Herceptin®  combinations  in  vitro  (13,17,19).  SKBR3  human  breast 
cancer  cells  with  HER-2  amplification  served  as  the  target  cell  line  for  in  vitro  cytotoxicity 
experiments.  Synergistic  interactions  were  observed  for  Herceptin®  in  combination  with  cisplatin 
(CI=0.48),  thiotepa  (CI=0.67),  and  etoposide  (CI=0.54).  Additive  cytotoxic  effects  were  observed 
with  Herceptin®  in  combination  with  doxorubicin  (CI=1.16),  paclitaxel  (CI=0.91),  methotrexate 
(CI=1.15),  and  vinblastine  (CI=1.09),  and  antagonistic  interactions  observed  with  Herceptin® in 
combination  with  5-fluorouracil  (CI=2.87).  In  confirmation  of  this  work,  we  have  found  similar 
synergy  for  Herceptin  in  combination  with  cisplatin  and  carboplatin  in  different  clones  of  human 
MCF-7  breast  cancer  cells  with  HER-2  overexpression  (CI<0.50). 

In  vivo  therapeutic  studies  were  conducted  with  HER-2-overexpressing  MCF-7  human  breast 
cancer  cells  which,  in  contrast  to  SKBR3  cells,  are  tumorigenic  in  athymic  mice.  Combinations  of 
Herceptin®  with  doxorubicin,  paclitaxel,  methotrexate,  etoposide  and  vinblastine  in  vivo  resulted  in 
a  significant  reduction  in  xenograft  volume  compared  to  chemotherapy  alone  controls  (P<0.05). 

Xenografts  treated  with  Herceptin®  plus  5-fluorouracil  were  not  significantly  different  from  5- 
fluorouracil  alone  controls  consistent  with  the  subadditive  effects  observed  in  the  in  vitro  studies. 

The  additive  or  synergistic  therapeuitc  interaction  of  rhuMAb  HER-2  with  alkylating  agents, 
platinum  analogues,  taxanes,  anthracyclines,  topoisomerase  II  inhibitors  and  some  antimetabolites  in 
HER-2-overexpressing  human  breast  cancer  cells  suggests  that  these  are  rational  combinations  to 
take  to  human  clinical  trials  (19). 

Biologic  basis  of  interactions  between  therapeutic  agents  and  Herceptin® 

To  further  explore  the  molecular  basis  for  these  observations  of  Herceptin®-drug  interactions 
leading  to  increments  in  cell  sensitivity  to  DNA-damaging  drugs  after  antireceptor  antibody  treatment 
(1,7,1 1,21),  we  investigated  potential  pathways  leading  to  suppression  of  DNA  repair  as  outlined  in  Fig.  1. 
The  tumor  suppressor  gene  p53  is  known  to  be  a  critical  mediator  of  the  cellular  response  to  DNA  damage 
(6,10,26,28-30).  Induction  of  the  CDK  inhibitor,  p21  WAFl,  in  response  to  DNA  damage  occurs  primarily 
through  a  transcriptional  mechanism  that  requires  interaction  of  the  p53  protein  with  a  p53-binding  site  in 
the  p21  WAFl  promoter  (6,10).  Recent  studies,  however,  have  shown  that  induction  of  p21  WAFl 
following  growth  factor  stimulation  may  not  always  require  p53  and  may  instead  be  directly  activated  by 
mitogen-activated  protein  kinase  (14).  Consistent  with  this  is  the  observation  that  withdrawal  of  growth 
factors  in  vitro  is  associated  with  down-regulation  of  p21WAFl  expression  and  with  enhanced  cell  killing 
in  response  to  DNA  damage  (6).  It  is  known  that  basal  levels  of  p21  WAFl  are  not  sufficient  to  cause  cell 
cycle  arrest  and  that  failure  of  adequate  p21  WAFl  induction  after  DNA  damage  is  associated  with  failure 
of  cell  cycle  arrest.  This  results  in  a  reduced  time  for  completion  of  DNA  repair.  To  assess  the  activity  of 
p21  WAFl  in  response  to  DNA  damage  in  MCF-7/HER-2  cells  in  the  presence  or  absence  of  the  anti- 
HER-2  antibody,  we  first  performed  Northern  blot  analyses  of  p21  WAFl  expression  levels  (24).  MCF- 
7/HER-2  cells  were  treated  with  rhuMAb  HER-2  alone  or  prior  to  cisplatin  exposure.  Parallel  cells  were 
treated  with  either  control  solution  alone  or  cisplatin  alone.  At  6h,  12h  and  24h,  cells  were  processed  for 
RNA  extraction  and  determination  of  p21WAFl  transcript  levels.  As  expected,  progressive  induction  of 
p21WAFl  transcripts  was  seen  at  6-24h  post-cisplatin  treatment.  However,  increased  levels  of  p21WAFl 
transcript  were  not  sustained  in  MCF-7  HER-2  cells  which  had  been  exposed  to  cisplatin  in  the  presence 
of  rhuMAb  HER-2  (24). 
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FIG.  1.  Potential  pathways  for  HER-2  receptor-mediated  blockade  of  DNA  repair.  Treatment  of  breast 
cells  with  a  DNA-damaging  drug  normally  activates  p53  and  p21,  leading  to  cell  cycle  arrest  and 
initiation  of  DNA  repair  for  preservation  of  DNA  integrity  (6,8,14,15,29).  However,  pre-treatment  of 
cells  with  antibody  to  HER-2  receptor  elicits  blockade  of  DNA  repair  after  exposure  to  DNA-damaging 
agents,  leading  to  reduced  DNA  integrity  and  greater  cell  death  (apoptosis).  The  pathway  triggered  by 
antireceptor  antibody  may  interfere  with  p21  activity  (6,10)  or  that  of  other  signal  molecules  involved  in 
regulation  of  DNA  repair  (see  MAP  kinase,  GADD  45,  mdm2,  PCNA  in  scheme  above). 

Although  p21  WAFl  transcript  level  increases  at  6-12h,  it  is  comparable  to  baseline  levels  by  24  h. 
Moreover,  the  level  of  p21  WAFl  at  24  h  is  markedly  less  than  the  levels  seen  after  cisplatin  given  without 
antibody  (24).  A  clear  reduction  in  the  basal  level  of  p21WAFl  also  occurred  after  12-24  h  exposure  to 
antibody  alone  when  compared  to  controls  (24).  Another  transcript,  cyclin  Dl,  showed  no  variation  with 
antibody,  cisplatin  or  combination  therapy  (24). 

Western  analyses  of  the  level  of  p21  WAFl  protein  in  MCF-7/HER-2  cells  likewise  show  enhanced 
amounts  of  the  protein  at  6-24  h  after  cisplatin  (24),  however,  consistent  with  the  Northern  blot  studies, 
treatment  of  cells  with  antireceptor  antibody  elicits  a  reduced  level  of  p21  WAFl  protein  under  basal 
conditions  and  blunts  the  anticipated  response  to  cisplatin  therapy  at  12-24  h,  as  compared  to  controls. 
These  results  are  consistent  with  independent  reports  on  depletion  of  p21WAFl  after  withdrawal  of 
growth  factors  (6)  and  suggest  an  important  role  for  growth  factor  pathways  in  modulating  the  activity  of 
some  proteins  which  regulate  the  cell  cycle  in  response  to  DNA  damage. 

In  view  of  the  crucial  role  of  tyrosine  phosphorylation  in  regulating  the  activity  of  diverse  signaling 
molecules  (23,27-29),  we  have  also  begun  to  assess  the  potential  influence  of  the  HER-2  receptor  pathway 
on  phosphorylation  of  tyrosine  residues  in  p21WAFl  (26).  We  have  found  that  tyrosine  phosphorylation 
of  p21  WAFl  is  increased  after  treatment  of  breast  cancer  cells  with  radiotherapy  that  elicits  damage  to 
cellular  DNA  (26).  However,  this  prominent  phosphorylation  of  p21  WAFl  is  blocked  by  combined 
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treatment  with  Herceptin  and  radiation  (see  Fig.  6  in  reference  26).  Our  prime  objective  in  this  work 
remains  to  firmly  establish  the  contribution  of  DNA  repair  in  receptor-modulated  sensitivity  of  cancer  cells 
to  DNA-damaging  agents.  This  would  provide  a  good  biologic  rationale  for  further  pursuit  of  combined 
drug-antibody  or  radiation-antibody  therapy  in  the  clinic  (16,23,26,28).  Our  evaluation  of  molecular 
mechanisms  involved  in  this  phenomenon  (FIG.  1)  suggest  that  p21,  a  critical  modulator  of  cell  cycle 
arrest  prior  to  the  onset  of  DNA  repair  or  apoptosis  (6),  is  affected  by  Herceptin®  treatment  in  MCF-7 
cells  with  HER-2  overexpression. 

Task  4)  Impact  of  HER-2  gene  expression  on  cell  sensitivity  to  estrogen  and  antiestrogens: 

As  reported  previously,  we  have  demonstrated  that  overexpression  of  HER-2  cDNA  or 
stimulation  of  HER-2  receptor  with  heregulin  ligand  results  in  development  of  estrogen-independent 
growth  of  human  breast  cancer  cells  (20,22).  These  data  indicated  a  link  between  two  receptor  pathways, 
ER  and  HER-2,  and  suggested  one  mechanism  for  development  of  endocrine  resistance  in  human  breast 
cancers.  Nass  et  al.  (16)  suggest  that  such  findings  indicate  that  Herceptin®  may  “provide  a  new 
therapeutic  option  for  some  patients  for  whom  antiestrogen  therapy  is  not  effective”.  To  determine 
whether  Herceptin®  can  influence  the  cell  response  to  antiestrogen  therapy  with  tamoxifen,  we 
conducted  experiments  with  MCF-7  human  breast  cancer  xenografts  in  nude  mice.  MCF-7  cells  with  or 
without  overexpression  of  HER-2  receptor  were  grown  as  subcutaneous  xenografts  as  before  (20,21). 
These  in  vivo  studies  demonstrate  a  clear  growth-inhibitory  therapeutic  benefit  of  Herceptin®  combined 
with  tamoxifen  in  HER-2/«ew-overexpressing  human  breast  cancer  xenografts  (20,21). 

To  pursue  this  work  further,  we  and  collaborators  at  UCLA  (2)  have  also  used  receptor-specific 
ELISA  assays  and  quantitated  the  amount  of  each  member  of  the  class  I  receptor  tyrosine  kinase  family 
(HER-1,  HER-2,  HER-3,  HER-4)  in  six  different  human  breast  cancer  cells  (ER+  and  ER-)  with  and 
without  HER-2  overexpression.  We  find  that  HER-2  overexpression  itself  affected  the  expression  of  the 
other  three  class  I  receptors  and  that  cells  expressing  the  highest  levels  of  HER-2  and  HER-3  had  the 
greatest  response  to  heregulin.  These  results  may  promote  further  progress  in  understanding  the 
interactions  between  class  I  tyrosine  kinase  receptors  and  estrogen  receptor  pathways  in  human  breast 
cancer  cells  (2).  In  the  past  year,  we  have  also  obtained  independent  samples  of  HER-2-overexpressing 
human  breast  cancer  cells  from  Dr.  Christopher  Benz  (UC  San  Francisco)  and  Dr.  Francis  Kern 
(Georgetown),  and  we  have  begun  to  compare  the  properties  of  these  several  tumor  cells  using  methods 
as  before  (20,21). 

Task  5)  Conditions  for  maximal  breast  tumor  cell  killing  by  alkylating  agents  (cyclophosphamide, 

thiotepai  in  combination  with  humanized  monoclonal  antibody  to  HER-2  receptor  in  vitro  and  in 
vivo: 

As  noted  above,  to  characterize  the  nature  of  the  interaction  between  Herceptin®  and  other 
classes  of  cytotoxic  drugs,  we  used  the  multiple  drug  analysis  method  to  determine  combination  index 
(Cl)  values  for  a  variety  of  chemotherapeutic  agent  /  Herceptin®  combinations  in  vitro  (19,21).  SKBR3 
human  breast  cancer  cells  with  HER-2  amplification  served  as  the  target  cell  line  for  in  vitro  cytotoxicity 
experiments,  and  clear  synergistic  interactions  were  observed  for  the  combination  of  Herceptin®  with 
thiotepa  (CI=0.67).  In  vivo  therapeutic  studies  were  conducted  with  HER-2-overexpressing  MCF-7 
human  breast  cancer  cells  which  are  tumorigenic  in  athymic  mice  (19).  Combinations  of  Herceptin® 
with  cyclophosphamide  in  vivo  resulted  in  a  significant  reduction  in  xenograft  volume  compared  to 
chemotherapy  alone  controls  (P<0.05).  The  synergistic  therapeutic  interaction  of  rhuMAb  HER-2  with 
alkylating  agents  in  HER-2-overexpressing  human  breast  cancer  cells  suggests  that  these  are  rational 
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combinations  to  take  to  human  clinical  trials  (19).  In  addition,  preliminary  findings  suggest  therapeutic 
interaction  of  Herceptin  with  radiotherapy  that  elicits  DNA  damage  in  HER-2-overexpressing  human 
breast  cancer  cells  may  be  another  significant  combination  to  assess  in  future  clinical  trials  (26).  As 
noted  below  (see  Reportable  Outcomes),  additional  funding  is  to  be  requested  for  pursuing  the  latter 
studies. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Discovery  that  activation  of  growth  factor  receptors  by  Herceptin®  enhances  the  sensitivity  of  cells 
to  therapeutic  agents  that  damage  DNA  and,  thereby,  potentiates  tumor  cell  death  (20,24,26). 

•  Discovery  that  the  schedule  of  Herceptin  therapy  is  important  for  maximal  tumor  cell  killing. 

•  New  evidence  that  dysregulation  of  p21WAFl  in  Herceptin-treated  breast  cancer  cells  may 
represent  an  important  avenue  of  cross-communication  between  growth  factor  signaling,  DNA 
repair  and  apoptosis. 

•  Discovery  that  antibody  to  HER-2  growth  factor  receptor  reverses  antiestrogen  resistance  in  human 
breast  cancer  cells  with  overexpression  of  HER-2  oncogene. 

REPORTABLE  OUTCOMES 


Manuscripts  and  abstracts: 

1.  Pietras,  R.J.  and  M.D.  Pegram  (1999).  Oncogene  activation  and  breast  cancer  progression. 
Contemporary  Endocrinology.  11  :  133-153. 

2.  Pietras,  R.J.,  J.  Poen,  D.  Gallardo,  P.N.  Wongvipat,  H.J.  Lee  and  D.J.  Slamon  (1999). 
Monoclonal  antibody  to  HER-2  receptor  modulates  repair  of  radiation-induced  DNA  damage 
and  enhances  radiosensitivity  of  human  breast  cancer  cells.  Cancer  Research,  ^  :  1347-1355. 

3.  Pegram,  M.,  Hsu,  S.,  Lewis,  G.,  Pietras,  R.,  Beryt,  M.,  Sliwkowski,  M.,  Coombs,  D.,  Baly,  D., 
Kabbinavar  F.,  and  Slamon,  D.  (1999).  Inhibitory  effects  of  combinations  of  HER-2/neu 
antibody  and  chemotherapeutic  agents  used  for  treatment  of  human  breast  cancers.  Oncogene, 
18:2241-2251. 

4.  Aguilar  Z.,  R.W.  Akita,  R.S.  Finn,  B.  L.  Ramos,  M.D.  Pegram,  F.  F.  Kabbinavar,  R.J.  Pietras, 
P.  Pisacane,  M.  X.  Sliwkowski  and  D.J.  Slamon  (1999).  Biologic  effects  of  heregulin  /  neu 
differentiation  factor  on  normal  and  malignant  human  breast  and  ovarian  epithelial  cells. 
Oncogene.  18:  6050-6062. 

5.  Marquez,  DC  and  RJ  Pietras  (1999).  Membrane  estrogen  and  HER-2  receptors  in  human 
breast  cancer.  Proceedings  FASEB  Summer  Research  Conferences:  20. 

6.  Pietras,  R.J.,  P.N.  Wongvipat  and  D.J.  Slamon  (2000).  Antibody  to  HER-2/neu  growth  factor 
receptor  reverses  antiestrogen  resistance  in  human  breast  cancer  cells  with  overexpression  of 
HER-2/neu  oncogene,  (submitted). 
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Lectures  and  Presentations: 

1 .  “New  treatment  approaches  for  metastatic  breast  cancer”.  Los  Angeles  Covmty  Oncology 
Nurses  Association  Annual  Meeting  (1999). 

2.  “Estrogen  receptor  in  breast  cancer”.  M294  -  Molecular  Basis  of  Cancer  Lectures,  UCLA 
School  of  Medicine  (1999). 

3.  “Introduction  to  the  Cellular  and  Molecular  Biology  of  Cancer”.  M298C  Seminar,  UCLA 
School  of  Medicine  (1999). 

4.  “Estrogen  receptor  and  HER-2  tyrosine  kinase  interactions  in  human  breast  cancer”.  Invited 
platform  speaker  for  FASEB  Summer  Research  Conferences,  Copper  Mormtain,  Colorado 
(1999). 

Clinical  Research  Protocols  Based  on  Data/Experiences  Supported  by  this  Award: 

1.  A  Phase  III  Study  of  Multiple-Dose  Intravenous  Recombinant  Humanized  Anti-pl85  HER-2 
Monoclonal  Antibody  Plus  Chemotherapy  in  Patients  with  HER-2/neu  Overexpressing  Tumors 
(co-Investigator)  (1996-1999). 

2.  A  Phase  III  Study  of  Multiple-Dose  Intravenous  Recombinant  Humanized  Anti-pl85  HER-2 
Monoclonal  Antibody  Alone  or  with  Chemotherapy  in  Patients  with  HER-2/neu 
Overexpressing  Tumors  (co-Investigator)  (1996-1999). 

3.  A  Pilot  Phase  II  Study  of  Taxotere  (Docetaxel),  Carboplatin  and  Herceptin  in  the  Treatment  of 
Metastatic  Breast  Cancer  (co-Investigator)  (submitted  for  institutional  HSPC  approval)  (1999). 

Development  of  Cell  Lines: 

Human  MCF-7  breast  cell  lines  with  well-characterized  estrogen  receptor,  HER-2  receptor  and 
heregulin  ligand  expression  were  prepared  for  use  in  research  aimed  at  testing  the  antitumor 
effects  of  humanized  monoclonal  antibody  to  HER-2  receptor  in  combination  with  agents  that 
damage  cellular  DNA. 

Funding  Applied  for  Based  on  Work  Supported  by  Award: 


Abbreviated  Title 

Agency 

PI 

Amount 

Dates 

Herceptin  and  DNA  Repair 

Genentech  Independent 
Research  Award 

R.  Pietras 

$240,000 

2000-2002 

HER-2  Receptor-Directed 
Radiotherapy  in  Human 
Breast  Cancer 

California  BCRP 

R.  Pietras 

$114,750 

1999-2002 

Membrane  Estrogen 
Receptors  in  Human 

ArmyBCRP 

R.  Pietras 

$344,250 

2000-2003 
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Please  refer  to  Appendix  for  additional  research  citations  in  complete  final  report  format. 
CONCLUSIONS 


In  summary,  substantial  progress  has  been  made  in  studies  of  the  therapeutic  advantage  of 
treatment  with  Herceptin  and  chemotherapeutic  agents  or  antihormone  drugs.  Since  HER-2  receptor 
pathways  are  strongly  implicated  in  the  clinical  progression  of  breast  cancer,  we  have  targeted  these 
receptors  for  therapeutic  intervention,  using  humanized  monoclonal  antibody  to  HER-2  receptor 
(Herceptin).  To  assess  how  best  to  use  Herceptin  alone  and  in  combination  with  chemotherapeutic  agents, 
studies  were  designed  to  evaluate  its  inhibitory  effects  on  cancer  growth.  Interactions  between  Herceptin 
and  cytotoxic  drugs  as  revealed  from  multiple  drug  analysis  indicate  that  Herceptin  has  synergy  with 
cisplatin  and  thiotepa  and  additive  cytotoxicity  with  doxorubicin  and  paclitaxel.  Herceptin  combined  with 
paclitaxel,  doxorubicin  or  cyclophosphamide  in  vivo  resulted  in  significant  reductions  in  breast  cancer 
volumes  as  compared  to  chemotherapy  alone  controls.  The  additive  or  synergistic  interaction  of  Herceptin 
with  alkylating  agents,  cisplatin,  taxanes,  and  anthracyclines  in  HER-2-expressing  breast  cancer  cells 
suggests  that  these  are  rational  combinations  to  take  to  fiiture  human  trials.  This  preclinical  work  has 
contributed,  in  part,  to  the  recent  FDA  approval  of  Herceptin  for  treatment  of  women  with  metastatic 
breast  cancer  (16,18,28).  Further  applications  for  Herceptin  therapy  will  also  be  tested,  including 
Herceptin  in  combination  with  radiation  therapy  (26). 

Preclinical  studies  from  this  award  also  suggest  that  Herceptin,  by  targeting  an  alternative  growth 
or  survival  pathway,  may  provide  a  new  therapeutic  option  for  some  patients  for  whom  antiestrogen 
therapy  is  not  effective.  In  addition,  evaluation  of  biologic  mechanisms  underlying  cisplatin-antibody 
synergy  suggest  that  p21,  a  critical  modulator  of  cell  cycle  arrest  prior  to  the  onset  of  DNA  repair  or 
apoptosis,  is  altered  by  Herceptin  treatment  in  breast  cancer  cells  with  HER-2  overexpression.  Despite  the 
termination  of  this  award,  we  plan  to  continue  our  laboratory  studies  as  required  to  promote  further 
progress  in  this  clinical  effort  at  UCLA  and  other  clinical  research  centers.  We  hope  that  work  on  the 
elucidation  of  the  molecular  mechanism  underlying  the  synergistic  effect  of  Herceptin  and  DNA-reactive 
agents  (25,26)  will  promote  further  progress  in  this  new  therapeutic  initiative.  We  thank  the  Department 
of  Defense  and  the  US  Army  Medical  Research  and  Materiel  Command  for  support  of  our  research. 
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The  effect  of  HER-llneu  overexpression  on  chemotherapeutic  drug 
sensitivity  in  human  breast  and  ovarian  cancer  cells 
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Dennis  J  Slamon 
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Recent  studies  indicate  that  oncogenes  may  be  involved 
in  determining  the  sensitivity  of  human  cancers  to 
chemotherapeutic  agents.  To  define  the  effect  of  HER- 
l/neu  oncogene  overexpression  on  sensitivity  to  che¬ 
motherapeutic  drugs,  a  full-length,  human  HER-2//i^w 
cDNA  was  introduced  into  human  breast  and  ovarian 
cancer  cells.  In  vitro  dose-response  curves  following 
exposure  to  7  different  classes  of  chemotherapeutic 
agents  were  compared  for  HER-2-  and  control-trans¬ 
fected  cells.  Chemosensitivity  was  also  tested  in  vivo  for 
HER-2-  and  control-transfected  human  breast  and 
ovarian  cancer  xenografts  in  athymic  mice.  These  studies 
indicate  that  HER-l/neu  overexpression  was  not  suffi¬ 
cient  to  induce  intrinsic,  pleomorphic  drug  resistance. 
Furthermore,  changes  in  chemosensitivity  profiles  result¬ 
ing  from  HER-l/neu  transfection  observed  in  vitro  were 
cell  line  specific.  In  vivo,  HER-2/rt^«-overexpressing 
breast  and  ovarian  cancer  xenografts  were  responsive  to 
different  classes  of  chemotherapeutic  drugs  compared  to 
control-treated  xenografts  with  no  statistically  significant 
differences  between  HER-2//i^«-overexpressing  and  non- 
overexpressing  xenografts.  We  found  no  instance  in 
which  HER-2//i^f/-overexpressing  xenografts  were  ren¬ 
dered  more  sensitive  to  chemotherapeutic  drugs  in  vivo. 
HER-2//iei/-overexpressing  xenografts  consistently  ex¬ 
hibited  more  rapid  regrowth  than  control  xenografts 
following  initial  response  to  chemotherapy  suggesting 
that  a  high  rate  of  tumor  cell  proliferation  rather  than 
intrinsic  drug  resistance  may  be  responsible  for  the 
adverse  prognosis  associated  with  HER-l/neu  over¬ 
expression  in  human  cancers. 

Keywords:  HER-l/neu  {c-erbB-2)\  breast  cancer; 
ovarian  cancer;  drug  resistance;  chemotherapy 


Introduction 

The  human  HER-l/neu  (c-erbB-1)  proto-oncogene 
encodes  a  185  kD  transmembrane  receptor  tyrosine 
kinase  which  is  homologous  to,  but  distinct  from,  the 
epidermal  growth  factor  receptor  (EGFR)  as  well  as 
other  members  of  the  type  I  receptor  tyrosine  kinase 
family  (i.e.  HER-3  and  HER-4).  Sequence  identity 
between  members  of  this  receptor  family  in  their 
extracellular,  and  intracellular  tyrosine  kinase  domains 
is  40  ”60%  and  60-80%,  respectively  (Rajkumar  and 
Gullick,  1994).  Amplification  of  the  HER-l/neu  gene 
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occurs  in  -^25-30%  of  human  breast  and  ovarian 
cancers  resulting  in  overexpression  of  the  gene  product, 
and  this  molecular  alteration,  when  present,  is  an 
independent  predictor  of  both  relapse-free  and  overall 
survival  in  these  diseases  (Pauletti  et  al.,  1996;  Slamon 
et  ai,  1987).  In  breast  cancer,  overexpression  of  the 
HER-l/neu  gene  has  been  associated  with  a  number  of 
other  adverse  prognostic  factors  including:  advanced 
pathologic  stage  (Seshadri  et  ai.  1993),  number  of 
axillary  lymph  node  metastasis  (Slamon  et  aL,  1987), 
absence  of  estrogen  and  progesterone  receptors  (Quenel 
et  aL,  1995;  Querzoli  et  al.,  1990;  Barbareschi  et  aL, 

1992) ,  increased  S-phase  fraction  (Borg  et  aL,  1991; 
Anbazhagan  et  al.,  1991),  DNA  ploidy  (Stal  et  al., 
1994;  Lee  et  al.,  1992),  and  high  nuclear  grade  (Berger 
et  aL,  1988;  Poller  et  aL,  1991).  A  role  for  the  HER-2/ 
neu  alteration  in  metastasis  has  also  been  suggested 
given  the  increased  occurrence  of  visceral  metastasis 
(Kallioniema  et  al,  1991)  and  higher  incidence  of 
micrometastatic  bone  marrow  disease  (Pantel  et  ai, 

1993)  in  patients  with  HER-l!neu  overexpression.  In 
addition,  expression  of  HER-l/neu  has  prognostic 
significance  in  patients  with  gastric  (Yonemura  et  aL, 

1991) ,  endometrial  (Berchuck  et  aL,  1991;  Hetzel  et  aL, 
1992;  Lukes  et  aL,  1994;  Saffari  et  aL,  1995),  and 
salivary  gland  cancers  (Semba  et  alL,  1985;  Press  et  aL, 

1994) .  The  exact  role  alteration  of  HER-l/neu  receptor 
expression  plays  in  the  pathogenesis  of  these  cancers 
remains  unclear. 

Retrospective  data  from  two  large  clinical  trials  in 
breast  cancer  suggests  an  association  between  HER-2/ 
neu  overexpression  and  resistance  to  chemotherapy. 
Results  from  the  Intergroup  Study  0011  (Allred  et  aL, 

1992)  and  the  International  (Ludwig)  Breast  Cancer 

Study  Group  (Gusterson  et  aL.  1992)  led  investigators 
to  conclude  that  node-negative  breast  cancer  patients 
whose  tumors  contain  HER-2,  overexpression  have 
a  less  favorable  prognosis  due  to  a  lack  of  response  to 
adjuvant  cyclophosphamide  (CPA),  methotrexate 
(MTX),  and  5-fluorouracil  (5-FU)-based  chemother¬ 
apy  (CMF).  In  addition,  in  a  study  of  68  patients  with 
advanced  breast  cancer,  Wright  and  colleagues 
reported  a  shortened  survival  for  patients  with  HER- 
1/neu  overexpression  who  were  treated  with  mitoxan- 
trone  despite  the  fact  that  response  rates  between 
HER-2//iew-overexpressing  and  non-overexpressing 
tumors  were  similar,  50%  58%,  respectively 

(Wright  et  aL,  1992).  A  study  of  HER-l/neu  over- 
expression  in  epithelial  ovarian  cancer  demonstrated 
that  patients  whose  tumors  had  the  alteration  were 
more  likely  to  fail  chemotherapy  with  CPA  and 
carboplatin  (CBDCA)  (Felip  et  aL,  1995).  Conversely, 
in  a  clinical  series  reviewed  by  Klijn  et  aL  patients  with 
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-  metastatic  breast  cancer  and  amplification  of  the  HER- 
Ijneii  gene  had  a  superior  response  to  CMF 
chemotherapy  (75%)  compared  to  patients  without 
HER-2//2c^w  amplified  tumors  (45%)  and  the  median 
length  of  progression-free  survival  from  the  start  of 
chemotherapy  was  superior  in  patients  whose  tumors 
exhibited  amplification  (Berns  et  aL.  1995;  Klijn  et  al., 
1993).  Recently,  data  from  the  Cancer  and  Leukemia 
Group-B  demonstrated  that  node-positive  breast 
cancer  patients  with  HER-2  neii  overexpression  de¬ 
rived  a  benefit  from  doxorubicin  (DOX)-based 
adjuvant  chemotherapy  which  is  dose-dependent 
indicating  that  HER-2/new  overexpression  may  be 
associated  with  an  increased  response  to  DOX  (Muss 
et  al.s  1994).  In  composite,  the  clinical  data  to  date  are 
somewhat  contradictory  and  do  not  adequately  define 
what  role,  if  any,  HER-2//?c2/  overexpression  plays  in 
chemotherapy  response.  Moreover,  there  is  little 
experimental  data  to  address  this  potentially  impor¬ 
tant  question.  In  one  study  evaluating  in  vitro 
chemosensitivity  in  HER-2 //6^i/-transfected  MCF7 
breast  carcinoma  cells,  no  significant  difference  in 
response  to  either  5-FU  or  DOX  was  seen,  while 
HER-2  overexpression  was  associated  with  a  2 -4-fold 
increase  in  resistance  to  cisplatin  (CDDP)  (Benz  et  al., 
1992).  In  another  study,  HER-2/ncw  transfection  of 
MDA-MB-435  cells  conferred  resistance  to  paclitaxel 
(TAX)  via  an  mc/r-1 -independent  mechanism  (Yu  et  al., 
1996).  In  vitro  studies  of  lung  cancer  cell  lines 
demonstrated  an  association  between  HEK-ljneu 
expression  levels  and  intrinsic  chemoresistance  to  six 
different  chemotherapeutic  drugs  (Tsai  et  al.,  1993), 
and  transfection  of  HEK-ljneu  cDNA  into  one  lung 
cancer  cell  line  resulted  in  an  increase  in  drug 
resistance  (Tsai  et  al.,  1995). 

In  an  attempt  to  further  define  the  effect  of  HER-2/ 
neu  overexpression  on  sensitivity  to  chemotherapeutic 
drugs  in  human  breast  and  ovarian  cancers,  we 

introduced  a  full-length,  human  HER-2/«^w  cDNA, 
via  a  retroviral  expression  vector,  into  four  different 
breast  cancer  cell  lines:  MCF7.  MDA-MB-231,  MDA- 
MB-435  and  BT-20,  and  two  different  ovarian 
carcinoma  cell  lines:  2008  and  Caov-3.  All  of  the 
parental  cell  lines  used  for  this  study  contain  a  single 
copy  of  the  HER-2//7ew  gene  and  express  basal  levels  of 
the  gene  product  while  the  matched  HER-ljneu 

retroviral  transfectants  overexpress  the  gene.  Dose- 
response  curves  using  seven  different  classes  of 

chemotherapeutic  agents  were  constructed  for  the 

HER-2//7^w-overexpressing  cell  lines  as  well  as  their 
mock-transfected  parental  controls.  The  rationale  for 
this  experimental  approach  was  to  allow  direct 
comparison  of  genetically  identical  parent/daughter 
cells  which  differ  only  in  that  one  member  of  the  pair 
overexpresses  the  human  HER-2/72^m  gene.  This 
approach  was  taken  to  circumvent  the  difficulty  of 
comparing  cell  lines  derived  from  separate  sources 
which  may  inherently  differ  in  characteristics  other 
than  HER-2/«ew  overexpression  which  could  impact  on 
drug  sensitivity.  The  rationale  for  evaluating  more  than 
one  cell  line  representing  each  of  these  two  human 
malignancies  is  to  avoid  the  possibility  that  any  given 
observation  could  be  unique  to  an  individual  cell  line 
rather  than  being  representative  of  a  more  generic 
biologic  effect  associated  with  WEK-ljneu  overexpres¬ 
sion.  Finally,  to  avoid  the  possibility  that  any  observed 


effects  might  be  restricted  to  an  in  vitro  setting  and 
because  monolayer  cell  culture  assays  may  not  detect 
important  multicellular  mechanisms  of  drug  resistance 
(Kerbel  et  al.,  1994;  Kerbel,  1995),  chemosensitivity 
was  tested  in  vivo  for  breast  and  ovarian  cancer  parent 
daughter  xenografts  in  an  athymic  mouse  model. 


Results 

Characterization  of  human  breast  and  ovarian  cancer 
cells  engineered  to  overexpress  the  HER-ljnQXi  gene 

A  full-length  HEK-ljneu  cDNA  was  introduced  via 
retroviral  vector  into  a  panel  of  human  breast  and 
ovarian  carcinoma  cells  which  are  known  to  have  a 
single  copy  of  the  HER-2/«ew  gene  and  to  express 
'normal’  levels  of  the  gene  product.  Breast  cell  lines  BT- 
20  and  MDA-MB-435  were  established  from  previously 
untreated  patients  making  them  less  likely  to  have 
treatment-induced  chemotherapeutic  drug  resistance 
while  the  MCF7  cell  line  was  established  from  a 
patient  with  prior  radiation  and  hormonal  therapy  and 
the  MDA-MB-231  cell  line  was  derived  from  a  patient 
previously  treated  with  multidrug  chemotherapy  (5-FU, 
CPA,  DOX,  MTX,  and  prednisone).  The  ovarian 
carcinoma  cell  line  2008  was  established  from  a  patient 
who  had  not  had  prior  chemotherapy,  whereas  the 
Caov-3  cell  line  was  derived  from  a  patient  whose 
tumor  had  been  exposed  to  prior  5-FU,  DOX,  and 
CPA  in  vivo.  This  spectrum  of  cell  lines  allows  for 
response  data  representative  of  a  diverse  group  of 
human  breast  and  ovarian  cancers.  HER-2//7ew- 
engineered  and  control  cells  were  identically  infected 
using  a  neomycin  phosphotransferase-based  vector 
which  either  contained,  or  did  not  contain,  a  full- 
length  HER-2/«ew  cDNA.  Retroviral  infectants  were 
selected  for  neomycin  resistance  and  subjected  to 
fluorescence  activated  cell  sorting  (FACS)  analysis  for 
detection  of  the  pi 85"^"^*^  protein.  Western  blot  analysis 
confirmed  a  marked  increase  in  pi 85“^^'^  expression  in 
cells  engineered  to  overexpress  the  gene  relative  to 
mock  (NEO)-infected  controls  (Figure  la  and  b).  SK- 
BR-3  human  breast  carcinoma  cells  and  SK-OV-3 
human  ovarian  carcinoma  cells  naturally  overexpress 
the  HER-2  receptor  and  were  included  in  these  studies 
for  comparison  of  non-manipulated  overexpressing 


Figure  1  Western  blot  analysis  of  HER-2/«ew-  and  mock  (NEO)- 
vector  infected  breast  (a)  and  ovarian  (b)  carcinoma  cell  lines 
demonstrating  high-level  expression  of  pl85”^^'^  in  transfected 
cell  lines.  SK-BR-3  breast  cells  and  SK-OV-3  ovarian  cells  have 
native  amplification/overexpression  of  the  HER-2/«ew  gene  and 
are  shown  as  positive  controls 
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*  cells  to  the  engineered  cells.  The  levels  of  HER-l/neu 
overexpression  in  the  engineered  cells  are  comparable 
to,  but  do  not  exceed,  the  levels  found  in  actual  human 
tumors  circumventing  the  possibility  that  any  observed 
biologic  changes  are  artifacts  of  levels  of  overexpression 
which  do  not  occur  in  nature.  As  a  measure  of 
functional  activity  of  pl85^^’^'%  the  phosphorylation 
state  of  plSS^^*^'-  was  assessed  using  immunoblotting 
techniques.  Protein  lysates  from  each  of  the  transfected 
cell  lines  were  subjected  to  immunoprecipitation  with  a 
pi 85^^'^-  specific  monoclonal  antibody.  These  experi¬ 
ments  were  performed  on  cell  lines  both  with  and 
without  prior  expjosure  to  heregulin  B-1,  a  growth 
factor  ligand  cloned  on  the  basis  of  its  ability  to  induce 
tyrosine  phosphorylation  of  pi 85"^'^“  through  the 
formation  of  HER-2/HER-3  and/or  HER-2/HER-4 
heterodimeric  complexes  (Sliwkowski  et  al.,  1994; 
Plowman  et  al.,  1993).  The  resulting  immunoprecipi- 
tates  were  then  resolved  by  polyacrylamide  gel 
electrophoresis  (SDS-PAGE)  and  probed  with  an 
anti-phosphotyrosine  antibody  (Figures  2a  and  3a). 
These  results  indicate  that  HER-2!neu  cDNA  transfec¬ 
tion  results  in  expression  of  a  pi 85^^*^  “  protein  which  is 
either  constitutively  tyrosine  phosphorylated  or  can  be 
phosphorylated  on  exposure  to  heregulin  B-1  in  each  of 
the  breast  cell  lines  with  the  exception  of  MDA-MB- 
231  (Figure  2a).  Similarly,  ovarian  Caov-3/HER-2  cells 
exhibited  heregulin-induced  tyrosine  phosphorylation 
of  pl85''^''-  while  2008  HER-2  cells  did  not  (Figure 
3a).  In  Figures  2b  and  3b  the  same  blots  from  Figures 
2a  and  3a  have  been  probed  with  the  same  anti- 
pi  85HER-2  antibody  used  for  the  immunoprecipitations. 
These  results  confirm  overexpression  of  pl85”^*^" 
protein  in  the  HER-2//7ew-transfected  cell  lines,  and  in 
addition,  demonstrate  that  exposure  of  the  mock-vector 
(NEO)  transfected  cell  lines  to  heregulin  B-1  in  most 
cases  resulted  in  tyrosine  phosphorylation  as  well  as 
down-regulation  of  pi 85”^’^-  expression  (Figures  2b 
and  3b).  The  relative  degree  of  heregulin  induced 
tyrosine  phosphorylation  of  pl85‘^^^“  correlated  with 
the  expression  level  of  HER-3  in  these  cells.  For 
example,  MCF7  cells  have  2.5  x  10^  HER-3  molecules 
per  cell  whereas  MDA-MB-231  and  2008  cells  have 
only  1.4  X  10\  and  1.0  x  10'  HER-3  molecules  per  cell, 
respectively  by  quantitative  ELISA  (Aguilar  et  al. 
manuscript  in  preparation).  HER-4  expression  levels 
are  very  low,  <1  O'  molecules/cell,  relative  to  HER-2  or 
HER-3  in  this  panel  of  cell  lines,  therefore  heregulin- 
induced  HER-2  phosphorylation  appears  to  be 
predominantly  influenced  by  the  abundance  of  HER- 
2/HER-3  heterodimers  in  these  cells.  Having  success¬ 
fully  engineered  the  breast  and  ovarian  cells  to 
overexpress  pl85”^'^%  we  next  evaluated  the  effects  of 
overexpression  on  their  sensitivity  to  chemotherapeutic 
drugs  in  vitro  and  in  vivo. 


Effect  of  //£R-2/neu  overexpression  on  sensitivity  of 
human  breast  and  ovarian  cells  to  chemotherapeutic 
agents  in  vitro 

The  elTects  of  HER-2 /lew  overexpression  in  human 
breast  and  ovarian  carcinoma  cell  lines  on  sensitivity  to 
a  variety  of  chemotherapeutic  agents  was  determined  in 
vitro.  The  effective  dose  range  for  each  drug  (ICiq- 
IC90)  was  identified  using  a  range  of  ten  different  doses, 
each  tested  in  quintuplicate.  To  assure  accuracy  and 


reproducibility,  all  sets  of  in  vitro  assays  were  repeated 
at  least  two  times.  This  assay  yielded  4-parameter, 
sigmoidal  curve  fits  with  correlation  coefficients  ranging 
from  0.938-0.999.  Differences  between  dose-response 
curves  were  assessed  using  2-factor  analysis  of  variance 
(ANOVA)  of  data  points  which  fell  between  the  IC20 
and  ICgo-  Representative  data  from  these  experiments 
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Figure  2  To  demonstrate  the  phosphorylation  state  of  pl85”^*^'“ 
in  HER-2//7eM-transfected  breast  carcinoma  cell  lines,  anti- 
phosphotyrosine  immunoblots  were  performed  following  immu¬ 
noprecipitation  with  a  monoclonal  anti-pl85*^^^'^  antibody  both 
in  the  presence  (  +  )  or  absence  (-)  of  recombinant  heregulin  B-I 
(a).  The  same  blot  is  reprobed  with  anti-plSS^^*^'"  (b).  These  data 
demonstrate  constitutive  tyrosine  phosphorylation  of 
in  SKBR3,  MCF7/HER-2  and  BT-20/HER-2  even  in  the  absence 
of  heregulin  B-1,  In  mock  (NEO)-transfected  MCF7  and  BT-20 
cells,  heregulin  B-1  induced  both  an  increase  in  pl85“^*^'‘ 
tyrosine  phosphorylation  (a)  and  downregulation  of 
expression  (b).  MDA-MB-231  cells  exhibited  neither  basal  nor 
heregulin-induced  tyrosine  phosphorylation  of  pi 85^^*^'^  despite 
high  expression  levels  of  the  protein 
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Figure  3  Anti-phosphotyrosine  immunoblot  of  HER-l/neu-  or 
mock  (NEO)-transfected  ovarian  carcinoma  cells  following 
immunoprecipitation  with  an  anti-plSS”^*^'^  specific  monoclonal 
antibody  either  in  the  presence  ( + )  or  absence  ( — )  of  exogenous 
recombinant  heregulin  B-1  (a).  The  same  blot  is  reprobed  with 
anti-pl85”^*^'^  (b).  The  data  demonstrate  an  increase  in 
PI85HER-2  tyrosine  phosphorylation  and  downregulation  of 
PI85HER-2  expression  on  exposure  to  heregulin  B-1  in  Caov-3' 
NEO  cells.  Caov-3/HER-2  cells  demonstrate  both  basal  and 
heregulin-induced  tyrosine  phosphorylation  of  pl85‘^^*^'^  whereas 
2008/ HER-2  have  neither  increased  basal  or  heregulin-induced 
PI85HER-2  phosphorylation  despite  overexpression  of  the  protein 
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are  shown  in  Tables  1  and  2.  These  data  include  the 
IC5o±one  standard  deviation  and  the  significance  level 
for  differences  between  control  (NEO)  and  HER-2- 
engineered  cell  lines.  Introduction  of  neomycin 
phosphotransferase  gene  via  the  NEO  control  vector 
and  selection  in  neomycin  resulted  in  no  change  in 
chemosensitivity  in  MCF7  cells  (data  not  shown) 
indicating  that  neomycin  resistance  does  not  confer 
cross-resistance  to  chemotherapeutic  agents  i/i  vitro. 
Clinically  achievable  peak  plasma  levels  of  chemother¬ 
apeutic  drugs  from  standard  dosing  schedules  used  in 
humans  are  shown  for  reference  in  Table  1. 

WEK-ljneu  overexpression  in  MCF7  breast  carcino¬ 
ma  cells  resulted  in  a  2.5-fold  decrease  in  sensitivity  to 
the  platinum  analog  CBDCA,  as  well  as  a  twofold 
decrease  in  5-FU  sensitivity.  Conversely,  a  twofold 
increase  in  sensitivity  to  TAX  was  noted  while  no 
change  in  sensitivity  to  the  other  four  drugs  tested  was 
found  (Table  1).  These  results  are  similar  to  those 
reported  by  Benz  et  al.  who  noted  a  2  -  3-fold  decrease  in 
sensitivity  to  CDDP  but  no  change  in  sensitivity  to  DOX 
or  5-FU  in  MCF7  cells  which  overexpress  HEK-ljneu 
(Benz  et  a!.,  1992).  In  contrast,  MDA-MB-231/HER-2 
cells  were  rendered  more  sensitive  to  four  of  the  seven 
drugs  tested  (Table  1).  This  increase  in  sensitivity  ranged 
from  1. 4-fold  for  thiotepa  (TSPA)  to  >  lOO-fold  for 
TAX.  The  BT-20/HER-2  cells  were  also  2 -4-fold  more 
sensitive  to  TSPA  and  5-FU,  but  like  MCF7/HER-2 
cells,  they  were  more  resistant  to  platinum  compounds. 
Lastly,  MDA-MB-435/HER-2  cells  exhibited  no  change 
in  chemosensitivity  to  any  of  the  seven  classes  of 
chemotherapeutic  agents  tested.  Among  the  ovarian 
carcinoma  cell  lines,  Caov-3/HER-2  cells  were  slightly 
more  sensitive  to  DOX  and  vinblastine  (VBL)  compared 
to  Caov-3/NEO;  however,  HER-2//ic’«  overexpression  in 
2008  cells  resulted  in  a  threefold  and  7.5-fold  increase  in 
resistance  to  CBDCA  and  TSPA,  respectively  (Table  2). 


These  results  indicate  that  HER-2/neM  overexpression 
does  not  produce  any  consistent  or  predictable  chai'nge  in 
drug  sensitivity  profiles  in  vitro  across  the  various  cell 
lines  tested  and  underscore  the  necessity  of  evaluating 
more  than  one  cell  line  prior  to  drawing  general 
conclusions  on  the  effect  of  this  alteration  on 
chemotherapeutic  response  in  human  cancer  cells. 
Moreover,  the  differences  in  chemosensitivity  patterns 
among  the  HER-2/neiMransfected  cell  lines  did 
not  appear  to  correlate  with  basal  or  heregulin  B-1- 
induced  tyrosine  phosphorylation  of  pl85”^’^‘l  Despite 
the  fact  that  chemosensitivity  in  HER-2/«eM-overexpres- 
sing  cells  was  cell  line  specific,  some  trends  did  emerge 
from  the  data.  HER-2/nej/-overexpression  had  no  major 
effect  on  sensitivity  to  DOX  in  any  of  the  six  cell  lines 
tested  with  the  exception  of  Caov-3/HER-2  cells  where 
it  was  associated  with  a  small  (0.5  /tm  to  0.3  fiM) 
but  statistically  significant  increase  in  sensitivity. 
Similarly,  HER-2/neu  overexpression  had  minimal 
effects  on  response  to  etoposide  (VP- 16)  with  only 
one  cell  line,  MDA-MB-231,  exhibiting  a  slight  increase 
in  sensitivity  after  transfection  with  HER-ljneu. 
Increased  resistance  to  platinum  analogs  was  observed 
in  three  of  the  six  cell  lines  with  HER-l/neu  over¬ 
expression  compared  to  their  controls.  Finally,  when 
agents  which  interfere  with  microtubule  formation  (VBL 
and  TAX)  were  studied,  three  of  six  HER-2/neM- 
overexpressing  cell  lines  demonstrated  an  increase  in 
sensitivity. 

Effect  of  HER-2IV..  a  expression  on  chemosensitivity  of 
breast  and  ovarian  xenografts  in  vivo 

To  further  evaluate  and  expand  drug  sensitivity 
studies  associated  with  WER-ljneu  overexpression, 
we  developed  an  in  vivo  chemotherapeutic  drug 
sensitivity  assay  which  utilized  serial'  measurements 


Table  1  Effect  of  HER-2,;;(ch  o\erexpression  on  sensitivity  of  human  breast  cells  to  chemotherapeutic  agents  in  vitro^ 


CDDP  (nut 

DOX  (/iM) 

5-FV  UtM) 

TAX  (nM) 

TSPA  (juM) 

VBL  (nM) 

VP-16  (mm) 

MCF7/NEO 

MCF7;HER-2 

19.1  ±5.0 

48.4  ±7.8’* 

0..39±0.03 
0.34  ±0.07 

10.3  +  3.4 

22.5  +  6.0*** 

20.2  ±3.9 

9.6±9.6’*’* 

78.5+13.0 
85.2  +  9.6 

0.93  +  0.09 

1.1  ±0.05 

16.0+1.0 

14.0  +  3.0 

MDA-MB-435/NEO 

MDA-MB-435/HER-2 

13.0+1.3 

13.3±2.3 

0.6  ±0,09 
0.6±0.07 

7.6  +  0.7 
9.9+1.2 

1.2±0.1 

1.2  ±0.05 

75.6  +  4.2 
77.1+2.1 

0.4±0.02 

0.3±0.02 

2.7  +  0.2 

3.2  +  0.2 

MDA-MB-231 /NEO 
MDA-MB-231/HER-2 

21.6  +  6.0 

20.3  ±4.0 

0.3  +  0.03 

0.2  +  0.05 

50.0  +  9.0 
44.3+12.0 

14.6+1.5 

0.08+0.05*** 

238.3+  17.4 
167.0  +  7.4* 

19.0  +  2.5 

1.2+ 1.0*** 

10.2  +  0.5 
3.4+0.5** 

BT-20/NEO 

BT-20/HER-2 

3.6  +  0.3 

25.7  +  2.0*** 

0.17±0.03 
0.15  +  0.02 

130.0  +  20.2 
32.0  +  7.0*** 

5.8+ 1.2 

4.2  ±1.2 

228.3  +  25.0 
117.8  +  20.6** 

0.2  +  0.06 

0.3  +  0.1 

15.1  +  1.2 

12.2  +  0.2 

[Peak  Plasma] 

Reference 

30 

(Gormiey  et  al.. 
1979) 

5.6 

(Robert  et  al.. 
1982) 

1000 

(MacMillan  et 
al..  1978) 

940 

(Wiernik  et  al.. 
1987) 

10.6 

(Cohen  et  al.. 
1986) 

400 

(Nelson  et  al.. 
1980) 

50 

(D’Incalci  et  al,, 
1982) 

“  *,  /><0.05;  ♦*,  P<0.01;  ***,  /><0.001.  ‘’CBDCA  substituted  for  CDDP  for  MCF7/NEO  and  MCF7  HER-2.  Peak  plasma  concentration  of 
CBDCA  is  50  jJM  (Harland  et  al.,  1984).  Data  shown  are  IC50  values  for  each  drug.  Error  is  reported  as  ±one  standard  deviation.  The  peak 
plasma  levels  of  each  drug  achievable  in  humans  with  standard  dosing  schedules  are  shown  for  reference 


Table  2 


Caov-3/NEO 

Caov-3/HER-2 


Effect  of  HER-2/hch  overexpression  on  sensitivity  of  human  ovarian  cells  to  chemotherapeutic  agents  in  vitro‘‘ 


CDDP  (/iM)’’ 

DOX  (/iM) 

5-FU  (/iM) 

TAX  (nM) 

TSPA  ifiM) 

VBL  (nM) 

VP-16  ifiM) 

20.0+1.3 

19.1+0.3 

0.5  ±0.05 

0.3  ±0.04’* 

16.0  +  3.8 
15.3+1.5 

24.8  +  6.2 
21.7  +  3.0 

80.9+1.6 

85.6  +  4.8 

1. 1+0.1 

0.5±0.03* 

1.2 +  0.2 
1.2  +  0.3 

2008/NEO 

2008,/HER-2 


13  +  0  3  0.06  +  0.007  3.6  +  0.5  1.5±0.2  4.9±1.8  1.0±0.3  0.5±0.03 

3.9±0.3***  0.06±0.01  5.3  +  0.9 _ 1.6±0.2  37.0  +  7.4***  1.6  +  0.7 _ 0-4  ±0.05 


*,  P<0.05:  P<0.01;  P<0.001.  ‘’CBDCA  substituted  for  CDDP  for  2008/NEO  and  2008/HER-2.  Data  indicate  ICso  values  for  each 

drug.  Experimental  error  is  reported  as  +one  standard  deviation 
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of  subcutaneous  human  tumor  xenografts  growing  in 
athymic  mice.  For  the  hi  vivo  studies,  human  breast 
(MCF7)  and  ovarian  (2008)  carcinoma  cells  were 
selected  for  testing  because  of  their  predictable  tumor 
formation  in  athymic  mice.  Immunohistochemical 
analysis  of  sections  from  these  tumors  and  Western 
blot  analysis  from  cell  lines  derived  from  these 
xenografts  confirmed  that  the  relative  expression  level 
of  HER-2  ncu  was  maintained  during  the  course  of  the 
study  (data  not  shown).  Overexpression  of  HER-l/ncu 
in  MCF7  breast  carcinoma  cells  resulted  in  a 
significant  change  in  their  in  vivo  growth  character¬ 
istics  (Figure  4^  By  day  50.  MCF7/HER-2  tumors 
were  2.7-fold  larger  than  MCF7,NEO  tumors 
(P=:  0.0001).  At  the  onset  of  chemotherapy  adminis¬ 
tration.  animals  were  assigned  to  treatment  groups 
such  that  initial  tumor  volumes  were  the  same  in  each 
group  (55±4mm'').  Because  the  MCF7/NEO  xeno¬ 
grafts  have  a  significant  difference  in  inherent  growth 
rate  compared  to  MCF7;HER-2  xenografts,  the  ratio 
of  chemotherapy-treated  to  untreated  control  tumor 
volume  (T/C  ratio)  was  calculated  tor  each  tumor.  The 
maximum  response  to  chemotherapy,  defined  as  the 
point  at  which  the  T  C  ratio  was  at  a  minimum,  was 
determined  for  each  individual  tumor.  The  maximum 
drug  responses  for  the  MCF7'NEO  xenografts  were 
then  directly  compared  to  responses  found  in  the 
MCF7'HER-2  xenografts. 

In  the  human  breast  cancer  xenograft  model,  all 
five  drugs  tested  resulted  in  significant  responses  for 
both  MCF7/NEO  and  MCF7;'HER-2  tumors  com¬ 
pared  to  their  respective  untreated  control  tumors 
(P<0.05)  indicating  that  HER-2//zcw-transfected 
MCF7  xenografts  maintain  sensitivity  to  these 
chemotherapeutic  drugs  in  vivo  (Figure  5).  The  mean 
time  to  point  of  maximum  response  was  17  +  5  days 
and  was  independent  of  the  drug  tested  or  tumor  type 
(i.e.  NEO  v.v  HER-2).  Tumor  regrowth  following  day 
21  uniformly  occurred  indicating  a  lack  of  prolonged 
response  to  the  initial  treatment.  Of  note  was  the  fact 
that  there  was  a  significant  difference  in  regrowth 
rates  following  responses  to  chemotherapy  when 
comparing  MCF7  NEO  to  MCF7/HER-2  tumors. 
The  mean  tumor  doubling  time  following  chemother¬ 
apy  was  14.6  days  for  IVICF7/ HER-2  tumors 
compared  to  23.8  days  for  MCF7/NEO  tumors 
(P  =  0.0001).  This  demonstrates  that  HER-2//7CW-over- 
expressing  tumors  maintain  their  proliferative  advan¬ 
tage  following  exposure  to  chemotherapy  in  vivo.  The 
T/C  ratios  at  the  point  of  maximum  response  are 
represented  graphically  by  box  plots  (Figure  5). 
Treatment  with  DOX  resulted  in  significant  responses 
for  both  MCF7  NEO  and  MCF7/HER-2  tumors 
compared  to  their  respective  untreated  control  groups 
(Figure  5a).  The  difference  in  the  magnitude  of 
maximum  response  to  DOX  between  MCF7/NEO 
and  MCF7/HER-2  tumors  was  not  statistically 
significant  (P  =  0.13).  Treatment  with  CDDP  also 
resulted  in  significant  responses  for  both  MCF7/ 
NEO  and  MCF7  HER-2  tumors  and  again  mean 
CDDP-treated  T  C  ratios  were  not  significantly 
different  at  the  point  of  maximum  response  (Figure 
5b,  P  =  0.12).  Similarly,  treatment  with  5-FU  resulted 
in  significant  responses  compared  to  controls  for  both 
MCF7/NEO  and  MCF7/HER-2  tumors  (Figure  5c); 
but  the  difference  in  response  between  MCF7/NEO 


and  MCF7/HER-2  was  not  statistically  significant 
(P  =  0.12).  Treatment  with  TAX  also  resulted  in 
significant  responses  for  MCF7/NEO  and  MCF7 
HER-2  tumors  compared  to  vehicle-treated  controls. 
Mean  TAX-treated  T  C  ratios  at  maximum  response 
were  0.19  +  0.09  and  0.30  +  0.18  for  MCF7  NEC)  and 
MCF7'HER-2  tumors,  respectively  (Figure  5d),  and 
this  difference  was  marginally  significant  (P  =  0.09). 
Finally,  response  to  treatment  with  TSPA  was 
significant  for  both  MCF7/NEO  and  MCF7/HER-2 
tumors  compared  to  control  (Figure  5e),  but  there  was 
no  significant  difference  between  response  of  MCF7 ' 
NEO  xenografts  compared  to  MCF7/HER-2  xeno¬ 
grafts  in  response  to  TSPA  (7^==  0.1 7).  Additional 
analysis  in  a  2-factor  ANOVA  model  failed  to 


Time,  Days 

Figure  4  Tumorigenicily  of  HER-2//76’i/.  or  control  (NEO) 
vector-infected  human  breast  (MCE?)  s.c.  xenografts  in  female 
athymic  mice  (n=  13- 14/group),  Error  bars  indicate  standard 
error.  MCF7/HER-2  xenografts  (A)  have  a  significant  growth 
advantage  over  MCF7  NEO  (D)  (P  =  0.0001)  in  vivo.  Mice  in  this 
experiment  were  treated  with  a  vehicle  control  solution  i.p. 
beginning  on  day  0(12  days  status  post  xenograft  inoculation),  at 
which  lime  objectively  measurable  xenografts  had  formed 
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Figure  5  Box  Plots  illustrating  tumor  response  (relative  to 
control)  for  MCF7  NEO  (unshaded  boxes)  and  MCF7/HER-2 
(shaded  boxes)  xenografts  (/7=12-14  per  group)  in  response  to 
treatment  with:  (a)  DOX  (5  mg/kg),  (b)  CDDP  (5  mg+g),  (c)  D- 
FU  (100  mg/kg),  (d)  TAX  (15  mg/kg  x  3),  and  (e)  TSPA  (5  mg 
kgx3).  Error  bars  indicate  10*‘'  to  90‘^  percentiles,  boxes  indicate 
25''’  to  75''’  percentiles,  and  notches  indicate  95%  confidence 
intervals.  Group  mean  T/C  ratios  and  significance  levels  (Mann- 
Whitney  U  test)  for  differences  between  MCF7/NEO  and  MCF7 
HER-2  are  as  follows: 


Group  means 

MCF7/NEO 

MCF7/HER-2 

Significance  Level 

a 

0.43 

0.62 

F  =  0.13 

b 

0.30 

0.44 

P  =  0.12 

c 

0.33 

0.41 

F  =  0.12 

d 

0.19 

0.30 

P  =  0.09 

e 

0.27 

0.38 

F=0.17 
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demonstrate  significant  differences  in  the  magnitude  ot 
response  between  MCF7/NEO  and  MCF7'HER-2 
xenografts  to  any  chemotherapeutic  agent  tested  over 
the  time  period  during  which  responses  were  seen. 

Unlike  MCF7  cells,  the  ovarian  carcinoma  cells 
2008  HER-2  had  only  a  small  growth  advantage  over 
2008  NEO  cells  (Figures  6a -c,  vehicle  controls).  In 
this  model,  both  the  2008/NEO  and  2008/HER-2 
xenografts  were  refractory  to  treatment  with  DOX 
using  two  different  treatment  schedules  (5  mg/kg  on 
dayl  or  3  mg/kg  on  days  1  and  14.  data  not  shown). 
Higher  doses  of  DOX  resulted  in  substantial  toxicity. 
Similarly,  VP- 16  at  a  dose  of  25  mg/kg  on  days  0,  3. 
and  7  had  no  effect  on  2008/NEO  or  2008/HER-2 
tumor  growth  during  the  21  day  observation  period. 
A  dose  of  50  mg/kg  on  day  0  and  day  3  did  result  in 
a  significant  response  compared  to  untreated  control 
tumors  by  day  6  (data  not  shown),  however  there  was 
no  response  difference  between  2008/NEO  and  2008' 
HER-2  tumors,  and  the  higher  dose  of  VP-16  resulted 
in  substantial  mortality  beyond  day  6.  Treatment  of 
ovarian  2008  tumors  with  CDDP  resulted  in 
significant  responses  by  day  6  at  which  time  tumor 
volumes  of  CDDP-treated  tumors  were  37%  of 
controls  and  significant  differences  were  maintained 
during  a  21  day  observation  period  (Figure  6a).  There 
was  no  difference,  however,  in  the  degree  of  response 
between  2008/NEO  and  2008  HER-2  ovarian  xeno¬ 
grafts,  thus  the  threefold  shift  in  1C.„  suggesting 
platinum  resistance  in  the  HER-2  //cz/-overexpressing 
cells  in  vitro  was  not  observed  in  vivo.  Treatment  of 
ovarian  2008  NEO  and  HER-2  tumors  with  TAX 
resulted  in  a  58%  reduction  in  tumor  volume 
compared  to  control  which  was  apparent  at  day  6. 
However,  there  was  no  difference  in  response  when 
comparing  2008/NEO  and  2008/HER-2  tumors  in¬ 
dicating  that  HER-llneu  overexpression  in  these  cells 
had  no  impact  on  sensitivity  to  TAX  in  vivo  (Figure 
6b).  Treatment  of  ovarian  2008  xenografts  with  TSPA 
also  resulted  in  a  significant  response  compared  to 
untreated  control  tumors.  For  this  drug,  a  significant 
difference  between  TSPA-treated  2008/NEO  and  2008 
HER-2  tumors  did  emerge  by  day  21  with  TSPA- 
treated  2008/HER-2  tumors  measuring  100%  larger 
than  TSPA-treated  2008/NEO  tumors  (P  =  0.002) 
(Figure  6c).  Moreover,  this  result  paralleled  the  in 
vitro  results  where  a  7.5-fold  increase  in  resistance  to 
TSPA  was  noted  in  2008  cells  overexpressing  HER-2 
neu.  This  difference,  however,  appeared  to  be  due  to 
more  rapid  tumor  regrowth  for  2008/HER-2  xeno¬ 
grafts  following  response  to  chemotherapy  rather  than 
intrinsic  resistance  to  TSPA.  In  fact,  at  the  time  of 
maximal  response  to  TSPA  (day  10),  there  was  no 
significant  difference  between  2008/NEO  and  2008- 
HER-2  .xenografts  (P  =  0.17).  These  data  paralleled  the 
results  seen  with  MCF7/HER2  xenografts  where  rapid 
tumor  regrowth  occurred  following  response  to 
chemotherapy  in  vivo. 


Discussion 

The  involvement  of  some  oncogenes  in  the  develop¬ 
ment  of  chemotherapeutic  drug  resistance  is  suggested 
by  experimental  data  demonstrating  increased  expres¬ 
sion  of  c-fos,  c-myc,  and  c-H-ras  gene  transcripts  in 
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Figure  6  Response  of  human  ovarian  xenografts  2008/NEO  and 
2008  HER-2  to  treatment  with  (a)  CDDP  (5  mg/kg),  (b)  TAX 
(I5mg/kgx3).  and  (c)  TSPA  (5mgkgx3)  in  female  athymic 
mice.  Injection  of  a  single  cycle  of  these  three  drugs  resulted  in 
significant  responses  compared  to  a  vehicle  control  for  both  2008/ 
NEO  and  2008 /HER-2  xenografts:  however,  the  magnitude  of 
response  was  not  significantly  different  for  2008/NEO  compared 
to  2008 'HER-2  xenografts.  The  growth  rate  of  TSPA-treated 
2008  HER-2  xenografts  (c)  was  significantly  greater  than  2008/ 
NEO  xenografts  (P  =  0.002)  following  an  initial  response  to  TSPA 


cisplatin-resistant  human  ovarian  carcinoma  cells 
(Scanlon  et  al.,  1989).  In  transfection  studies,  c-mvc 
expression  was  subsequently  shown  to  result  in  an 
increase  in  resistance  of  Friend  erythroleukemia  cells 
to  CDDP  (Sklar  and  Prochownik.  1991)  and  the 
acquisition  of  a  multidrug-resistant  phenotype  in 
NIH3T3  cells  (Niimi  et  al.,  1991).  Transfection  of  c- 
H-r^5  oncogene  into  NIH3T3  cells  has  also  been  shown 
to  induce  resistance  to  CDDP  (Isonishi  et  ai,  1991) 
and  in  one  study  both  ras  and  /r/:- transformed 
NIH3T3  fibroblasts  were  less  sensitive  to  CDDP  and 
DOX  compared  to  parental  NIH3T3  cells  (Peters  et  al., 
1993).  More  studies  show  an  indirect  relationship 
between  oncogene  expression  and  drug  resistance. 
Introduction  of  v-H-/T/.y  or  v-H-raf  into  rat  hepato- 
cytes  results  in  increased  expression  of  mdr-l  (P- 
glycoprotein)  which  is  associated  with  multidrug 
resistance  (Burt  et  al.,  1988).  Marked  increases  in 
EGFR  expression  have  been  detected  in  several 
different  cell  types  selected  for  resistance  to  natural- 
product  anticancer  drugs  such  as  DOX,  vincristine, 
and  actinomycin-D  (Meyers  et  al..  1986;  Nuti  et  al., 
1991:  Dickstein  et  al.,  1993);  and  increased  resistance 
to  DOX,  VBL,  CDDP  and  5-FU  has  been  reported  in 
ZR75B  human  breast  cancer  cells  transfected  with 
EGFR  (Dickstein  et  al.,  1995).  In  addition,  ligands  to 
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iind  antibodies  directed  against  EGFR  have  been 
shown  to  modulate  sensitivity  to  chemotherapeutic 
drugs  (Aboud-Pirak  ef  ai,  1988;  Christen  ct  al..  1990), 
and  ‘cross  talk'  between  EGFR  and  P-glycoprotein  is 
suggested  by  increases  in  P-glycoprotein  phosphoryla¬ 
tion  in  actinomycin-D-resistant  Chinese  hamster  lung 
cells  treated  with  epidermal  growth  factor  (Meyers  et 
al..  1993). 

Data  from  several  clinical  trials  indicate  a  possible 
association  between  HER-l/neu  overexpression  and 
chemosensitivity,  leading  to  speculation  that  over¬ 
expression  of  this  proto-oncogene  may  also  be 
relevant  in  predicting  chemotherapeutic  response. 
However,  the  potential  role  of  HER-2  receptor 
overexpression  in  the  development  of  chemotherapeu¬ 
tic  drug  resistance  remains  unclear  for  at  least  three 
reasons:  (1)  the  conflicting  nature  of  the  results 
published  from  the  various  clinical  trials  to  date;  (2) 
the  paucity  of  experimental  data  describing  the  effects 
of  HER-2/neu  overexpression  on  drug  sensitivity;  and 
(3)  the  fact  that  studies  done  thus  far  using  transfection 
strategies  are  restricted  to  single  cell  lines  and/or  do 
not  address  chemotherapeutic  responses  in  vivo. 
Assessing  the  generic  role  of  a  given  gene  in  the 
acquisition  of  chemotherapeutic  drug  resistance  using 
typical  transfection  and  selection  strategies  in  a  single 
ceil  line  may  be  problematic  due  to  inherent  differences 
in  chemosensitivity  of  cell  lines  derived  from  different 
sources.  In  addition,  following  transfection  and 
■  selection,  individual  subclones  may  possess  varying 
degrees  of  sensitivity  to  chemotherapeutic  agents  which 
are  random.  Potential  non-generic  or  cell  line  specific 
changes  in  chemosensitivity  associated  with  HER-2/neu 
overexpression  were  avoided  in  the  current  studies  by 
using  multiple  human  cell  lines  to  construct  parent/ 
daughter  pairs  which  differ  only  in  their  HER-2/neu 
expression  level,  circumventing  the  possibility  that 
consistent  observations  across  cell  lines  would  be 
attributable  to  such  effects.  Moreover,  two  different 
epithelial  cell  types  were  analysed  both  in  vitro  and  in 
vivo  to  significantly  decrease  the  chances  that  a 
consistently  observed  change  might  be  due  to 
phenomena  unrelated  to  HER-2  overexpression 
but  rather  to  a  given  epithelial  type  or  assay  method. 
We  also  sorted  cells  following  transfection  with  HER- 
2ineu  using  FACS  which  results  in  collection  of  a 
pooled  population  (approximately  5x  !0')  of  HER-2/ 
/2Ci/-overexpressing  cells  rather  than  individual  sub¬ 
clones. 

Using  these  approaches  we  found  that  HER‘2/neu 
overexpression  alone  was  not  sufficient  to  induce 
intrinsic,  pleomorphic  drug  resistance  in  human  breast 
or  ovarian  carcinoma  cell  lines  and  did  not  result  in 
any  consistent  or  predictable  changes  in  chemosensi¬ 
tivity  profiles  in  an  in  vitro  cell  proliferation  assay.  The 
changes  in  chemosensitivity  which  were  observed  were 
cell  line  specific  and  not  generic  across  the  cell  lines 
tested.  This  is  illustrated  by  the  fact  that  overexpres¬ 
sion  of  the  HER-2lneu  receptor  in  MDA-MB-435 
breast  carcinoma  cells  had  no  effect  on  chemosensitiv¬ 
ity  to  any  of  the  seven  different  classes  of  drugs  tested, 
whereas  HER-2//?cw-overexpressing  MDA-MB-23 1 
cells  were  rendered  more  sensitive  to  four  of  the  seven 
drugs,  and  ovarian  2008  cells  were  rendered  more 
resistant  to  two  of  the  seven  drugs  tested.  There  are 
several  potential  reasons  why  HER-2  transfection 


results  in  alterations  in  chemosensitivity  profiles  which 
are  cell  line  dependent.  First,  a  number  of  the  cell  lines 
used  in  this  study  were  derived  from  tumors  of  Ratients 
who  had  prior  exposure  to  chemotherapeutic  agents 
and,  as  a  result,  may  have  already  developed  some 
degree  of  drug  resistance.  For  example,  Caov-3  cells 
are  derived  from  a  patient  who  had  been  exposed  to 
combination  chemotherapy  and  these  cells  are  less 
sensitive  to  most  of  the  drugs  tested  when  compared  to 
ovarian  2008  cells.  Second,  the  effects  of  HER-2/neu 
transfection  may  be  influenced  by  other  genetic 
alterations  within  a  given  cell  line.  Support  for  this 
hypothesis  was  demonstrated  in  co-transfection  studies 
of  both  HER-2//2^z/  and  mutated  c-H-ra^  in  which 
induction  of  mdr-\  expression  and  resulting  P- 
glycoprotein  activity  was  observed  only  after  co- 
transffction  with  both  EiER-2/neu  and  c-H-ra^  while 
neither  gene  alone  resulted  in  a  multidrug  resistant 
phenotype  (Sabbatini  et  al..  1994).  Third,  the  drug 
sensitivity  profile  of  a  given  cell  line  following  HER-2/ 
neu  transfection  and  overexpression  may  depend  on  the 
cellular  context  in  which  HER-2/neu  is  overexpressed. 
For  example,  co-expression  of  other  type  1  receptor 
tyrosine  kinases  within  a  cell  may  influence  HER-2/neu 
activity  and  subsequent  intracellular  signaling  via 
formation  of  specific  class  1  heterodimeric  receptor 
species  (Sliwkowski  et  al..  1994;  Plowman  et  al.,  1993). 
We  were  able  to  demonstrate  differences  in  basal  and 
heregulin  B-1 -induced  tyrosine  phosphorylation  of 
pi 85^*'^'^“  among  the  cell  lines  tested.  To  what  degree 
co-expression  of  EGFR,  HER-3,  or  HER-4  explain  the 
differences  in  heregulin  B-1 -induced  tyrosine  phosphor¬ 
ylation  of  pi 85”^“^*-  is  the  subject  of  ongoing 
investigations  in  our  laboratory.  It  is  clear  from  our 
results  that  some  HER-2  /zcw-overexpressing  cell  lines 
exhibit  shifts  in  drug  sensitivity  in  vitro  even  in  the 
absence  of  pi 85*^’^'^“  tyrosine  phosphorylation  (MDA- 
MB-23 1 /HER-2  cells).  Conversely,  we  found  examples 
of  cell  lines  which  did  exhibit  heregulin  B-1 -induced 
tyrosine  phosphorylation  of  pl85'-‘^'^--  and  yet  demon¬ 
strated  no  significant  shifts  in  chemosensitivity  either  in 
vitro  (MDA-MB-435/HER-2)  or  in  vivo  (MCF7/HER- 
2).  Our  data  on  response  of  MDA-MB-435/HER-2 
cells  to  TAX  appears  to  differ  from  data  reported 
previously  (Yu  et  al.,  1996).  Our  data  are  derived  from 
a  pooled  population  of  HER-2//7^w-transfected  MDA- 
MB-435  cells  whereas  the  data  reported  by  Yu  et  al.  is 
based  on  analysis  of  three  subclones  of  MDA-MB-435/ 
HER-2  cells.  In  addition,  the  shift  in  IC50  noted  by  Yu 
et  al.  occurred  at  TAX  concentrations  in  the  millimolar 
range  which  is  above  the  peak  serum  concentration 
achievable  in  humans,  whereas  we  report  the  IC50  of 
TAX  on  MDA-MB-435  ceils  to  be  1.2  nanomolar.  This 
apparent  discrepancy  may  be  explained  by  the  different 
methodologies  used  to  measure  response  to  TAX- 
clonogenic  assays  used  in  the  previous  study  v.y 
monolayer  cell  proliferation  assays  used  in  the  current 
study.  Finally,  some  of  the  in  vitro  changes  in 
chemosensitivity  observed  in  this  study  may  not  be 
clinically  relevant  as  they  occur  at  drug  concentrations 
which  are  well  above  the  peak  plasma  levels  achievable 
in  vivo.  The  HER-2//7ct/-overexpressing  breast  carcino¬ 
ma  cells  MDA-MB-23 1  and  BT-20  appear  to  be  more 
sensitive  to  TSPA  but  the  shift  in  dose-response  occurs 
at  a  drug  concentration  20-fold  higher  than  levels 
routinely  achievable  in  humans. 
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HER-2:/jei/  transfection  resulted  in  decreased  in  vitro 
sensitivity  to  platinum  analogs  in  three  of  the  six 
human  tumor  cell  lines  tested.  This  observation-  is  of 
interest  in  light  of  recent  studies  which  show  that  some 
anti-HER-2  antibodies  are  capable  of  increasing 
sensitivity  to  platinum  through  a  mechanism  involving 
a  decrease  in  DNA  repair  activity  (Hancock  et  ciL. 
1991:  Pietras  et  al..  1994;  Arteaga  et  al..  1994).  Except 
for  a  slight  increase  in  sensitivity  observed  in  Caov-3/ 
HER-2  cells,  HER-2;/?ch  overexpression  had  no  effect 
on  sensitivity  to  DOX  in  any  of  the  cell  lines  tested  in 
vitro.  Likewise  HER-2, //c//  overexpression  did  not 
result  in  resistance  to  VP- 16,  TAX,  or  VBL  which 
are  known  substrates  for  nulr-\  (Endicott  and  Ling, 
1989).  Furthermore.  HER-2  neii  overexpression  did  not 
substantially  affect  sensitivity  to  VP- 16  which  targets 
topoisomerase  II  (Liu.  1989).  Topoisomerase  II 
expression,  however,  has  been  found  to  be  increased 
in  ~  12%  of  breast  carcinomas  with  HER-21  neu 
overexpression  and  may  be  due  to  co-amplification  of 
both  genes  owing  to  their  close  proximity  on 
chromosome  17q  (Smith  et  al..  1993). 

The  shifts  in  dose-response  curves  secondary  to 
HER-2, overexpression  which  were  characterized  in 
vitro  did  not  result  in  parallel  changes  in  chemosensi- 
tivity  of  the  same  cell  lines  in  vivo.  This  is  not 
surprising  considering  the  limited  capability  of  mono- 
layer  cell  culture  assays  to  recapitulate  the  complex 
microenvironment  within  a  solid  tumor  in  which 
physiologic,  multicellular  mechanisms  ol  drug  resis¬ 
tance  are  operative  (Kobavashi  et  al..  1993;  Casciari  et 
al.,  1994;  Kerbel  et  al..  1994:  Kerbel,  1995). 
Furthermore,  drug  pharmacokinetics  are  markedly 
different  in  vivo  compared  to  in  vitro,  and  some 
degree  of  clonal  selection  may  have  unavoidably 
occurred  in  vivo  causing  differences  in  chemotherapy 
response  compared  to  the  pooled  HER-2//?<?w-trans- 
fected  clones  in  vitro.  Xenografts  resulting  from  HER- 
2/72Ci/-overexpressing  cells  did  respond,  relative  to 
control,  to  all  of  the  chemotherapeutic  drugs  tested 
except  in  cases  where  control  cell  lines  were  inherently 
resistant  to  drug  treatment  such  as  2008  ovarian 
tumors  treated  with  DOX  or  VP- 16  which  fail  to 
respond  regardless  of  the  presence  or  absence  of  HER- 
2ineu  overexpression.  In  addition,  the  magnitude  of 
response  in  vivo  was  similar  for  ovarian  2008/HER-2 
and  2008/NEO  .xenografts  for  CDDP,  TAX,  and 
TSPA,  indicating  that  HER-2/«cw  overexpression  in 
this  cell  line  did  not  induce  intrinsic  chemotherapeutic 
resistance  to  these  drugs  in  vivo.  However,  2008/HER-2 
tumors  demonstrated  more  rapid  recovery  following 
response  to  TSPA  compared  to  2008 /NEO  tumors. 
MCF7/HER-2  breast  xenografts  responded,  relative  to 
untreated  controls,  to  each  of  five  chemotherapeutic 
agents  tested.  The  magnitude  of  response  of  MCF7/ 
HER-2  tumors  varied  from  19%  to  37%  less  than 
MCF7.'NEO  tumors  for  the  five  classes  of  cytotoxic 
drugs  tested,  suggesting  the  possibility  of  a  slight 
increase  in  primary  resistance  to  chemotherapy 
treatment  in  vivo  for  MCF7/HER-2  xenografts; 
however,  this  difference  was  not  statistically  signifi¬ 
cant.  We  found  no  instance  in  which  xenografts 
resulting  from  HER-2//7^w-overexpressing  cell  lines 
were  rendered  more  sensitive  to  chemotherapeutic 
drugs  in  vivo.  Therefore,  in  this  experimental  model, 
HER-ljneu  overexpression  alone  is  insufficient  to 


confer  increased  sensitivity  to  DOX  as  has  been 
hypothesized  previously  (Muss  et  al..  1994).  The 
MCF7  breast  xenograft  model,  however,  does  demon¬ 
strate  that  HER-2  /?ei/-transfected  tumors  are  asso¬ 
ciated  with  a  rapid  rate  of  tumor  regrowth  following 
initial  response  to  chemotherapy.  Mean  doubling  time 
for  tumor  regrowth  following  response  to  chemother¬ 
apy  was  14.6  days  for  MCF7/HER-2  tumors  compared 
to  23.8  days  for  control-transfected  tumors 
(P  =  0.0001).  These  data  suggest  that  the  apparent 
lack  of  response  to  chemotherapy  among  patients  with 
HER-2ineu  positive  tumors  seen  in  some  clinical  trials 
may  be  due  to  rapid  tumor  regrowth  of  surviving 
tumor  cells  following  initial  response  to  chemotherapy 
rather  than  intrinsic  chemotherapeutic  drug  resistance 
at  the  time  of  chemotherapy  treatment. 

The  drug  response  phenotype  is  not  static  within 
solid  tumors.  New  drug-resistant  variants  may  emerge 
during  chemotherapy  treatment  due  to  selection  of 
pre-existing,  drug-resistant  clones  within  a  hetero¬ 
geneous  tumor  cell  population,  or  through  adaptive 
selection  of  spontaneously  arising  drug-resistant 
clones  during  the  life  of  a  tumor.  Our  data  indicate 
that  HER-2/ncw  overexpression  alone  in  human 
breast  and  ovarian  cancer  cells  is  not  sufficient  to 
cause  an  intrinsic,  pleotropic  drug-resistant  phenotype 
in  vitro,  nor  does  it  significantly  impair  or  enhance 
response  to  initial  chemotherapy  treatment  in  vivo. 
However,  the  growth  stimulus  afforded  by  over¬ 
expression  of  pi 85”^*^-  allows  for  rapid  proliferation 
of  any  surviving  cells  following  treatment  with 
chemotherapy.  This  may  in  turn  allow  the  emergence 
of  acquired  chemotherapeutic  drug  resistance  through 
the  processes  of  clonal  or  adaptive  selection  of 
resistant  tumor  cells.  Experiments  designed  to  test 
the  effects  of  HER-2lneu  overexpression  on  acquired 
rather  than  intrinsic  drug  resistance  are  underway  in 
our  laboratory.  If.  as  our  experimental  models 
suggest,  the  adverse  prognosis  seen  in  patients  whose 
tumors  have  amplification/overexpression  of  the 
HER-2;neii  gene  is  due  to  rapid  tumor  cell 
proliferation  rather  than  de  novo  resistance  to 
chemotherapy,  then  maximizing  reduction  in  tumor 
burden  using  more  active  agents  and  or  higher  dose 
intensities  may  result  in  improved  clinical  response. 
This  hypothesis  is  consistent  with  a  recently  published 
clinical  trial  (Muss  et  al..  1994)  and  may  mean  that 
assessment  of  HER-2//7cw  status  in  malignant  breast 
tissue  is  important  in  selecting  treatment  regimens  for 
patients. 


Materials  and  methods 

Cell  lines  and  cell  culture 

Human  breast  carcinoma  cell  lines  MCF7.  BT-20.  MDA- 
MB-231,  MDA-MB-435,  and  SK-BR-3.  and  human 

ovarian  carcinoma  cell  lines  Caov-3  and  SK-OV-3,  were 
obtained  from  American  Type  Culture  Collection  (Rock¬ 
ville,  MD).  Human  ovarian  2008  cells  were  established 
from  a  patient  with  serious  cystadenocarcinoma  of  the 
ovary  (DiSaia  et  al..  1972).  All  cells  were  cultured  in  RPMI 
medium  1640  supplemented  with  10%  heat-inactivated 
fetal  bovine  serum.  2  mM  glutamine  and  1%  penicillin  G- 
streptomycin-fungizone  solution  (Irvine  Scientific,  Santa 
Ana,  CA). 
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Transfection  and  overexpression  of  the  human  HER-2lnQU  gene 
in  human  breast  and  ovarian  carcinoma  cells 

Human  breast  and  ovarian  carcinoma  cells  with  normal 
levels  of  HER-2//j£'/^  expression  were  transfected  with  a 
full-length  cDNA  of  the  human  UER-2  neu  gene.  Intro¬ 
duction  of  HER-2//7CZ/  into  human  cells  was  accomplished 
using  the  replication  defective  retroviral  expression  vector 
pLXSN  into  which  the  HER-2;'/;en  cDNA  was  ligated 
(Chazin  et  af,  1992).  The  same  pLXSN  vector  devoid  of 
HER-2  neu  sequences  but  containing  the  neomycin 
phosphotransferase  gene  was  packaged  in  an  identical 
fashion  and  was  used  to  infect  control  cells.  Breast  and 
ovarian  carcinoma  cells  were  infected  as  previously 
described  {Pietras  et  af,  1994).  Stably  transfected  cell 
lines  were  selected  according  to  level  of  HER-2 //ci/ 
expression  using  FACS  with  indirect  immunofluorescence 
labelins  mediated  by  the  murine  monoclonal  anti-HER-2/ 
neu  antibody  4D5  (Genentech,  Inc..  South  San  Francisco, 
CA)  and  an  anti-mouse  IgG/FITC  antibody  (Caltag 
Laboratories,  South  San  Francisco.  CA).  All  cell  lines 
were  characterized  for  expression  of  UER-2  iieu  gene  by 
Western  blot  analysis. 

Western  blot  analysis 

Cultured  cells  were  washed  in  137  mM  NaCl  solution 
containing  2.7  mM  potassium  chloride,  1.5  mM  potassium 
phosphate  and  8  mM  sodium  phosphate  (Dulbecco's  PBS. 
Gibco  BRL.  Gaithersburg.  MD)  and  lysed  at  4  C  in  20  mM 
Tris.  pH  8.0:  137  mM  NaCl:  1%  Triton  X-lOO:  10% 
izlycerol:  5  mM  EDTA:  1  mM  sodium  orthovanadate. 
1  mM  phenylmethyl-sulfonylfluoride:  leupeptin  I  /ig/ml 
and  aprotinin  1  /ig/ml.  Insoluble  material  was  cleared  by 
centrifusation  at  10  OOOg  for  10  min.  Protein  was 
quantitated  using  BCA  (Pierce  Biochemicals.  Rockford. 
IL),  resolved  by  SDS-PAGE.  and  transferred  to  Immobi- 
lon-P  (Millipore,  Bedford,  MA).  The  plSS^"*^';  protein  was 
detected  by  anti-c-/?^w  (Oncogene  Science,  Uniondale,  NY) 
using  the  ECL  method  (Amersham.  Arlington  Heights,  IL). 


Tyrosine  phosphorylation  of  the  HER-2  neu  receptor 

HER-2  neu  and  mock-vector  transfected  breast  and 
ovarian  cell  lines  were  examined  for  phosphorylation  of 
pl85^^'^'^-  using  SDS-PAGE.  as  described  previously 
(Pietras  et  al. .^\995).  In  brief,  cells  were  cultured  to  80% 
confluence  in  100  mm  dishes  in  RPMI  media  containing 
10%  FCS.  The  cells  were  washed  x3  in  PBS  and  then 
allowed  to  incubate  in  serum-free  RPMI  media  for  24  h  at 
37X.  Recombinant  heregulin  B-1  (kindly  provided  by  Dr 
M  Sliwkowski,  Genentech,  Inc,,  S.  San  Francisco.  CA) 
10  mM  or  control  solution  was  added  and  allowed  to 
incubate  for  5  min  at  3TC.  Cells  were  then  washed  in  PBS 
and  lysed  using  the  conditions  described  above.  Following 
protein  quantitation,  immunoprecipitations  were  per¬ 
formed  bv  incubating  250  pg  protein  lysate  with  5  pg/ml 
monoclonal  anti-HER-2//j(:^i/  antibody  (Oncogene  Science, 
Uniondale.  NY)  at  4°C  overnight  with  gentle  agitation. 
Protein  A-agarose  (BioRad.  Richmond,  CA)  was  added  to 
precipitate  the  antigen-antibody  complex  and  the  immuno- 
precipitates  were  washed  three  times  in  lysis  buffer  prior  to 
electrophoresis.  Proteins  were  then  transferred  to  Immobi- 
lon-P  and  immunoblotting  was  performed  using  mono¬ 
clonal  anti-phosphotyrosine  antibody,  PY20  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA). 


Cell  proliferation  assays 

Aliquots  of  5  X  10^  cells  were  plated  in  quintuplicate  in  96- 
well  microdilution  plates.  Following  cell  adherence, 
experimental  media  containing  either  specific  chemother¬ 


apeutic  agents  or  control  media  was  added.  Serial  twofold 
dilutions  were  performed  to  span  the  eftective  dose^  range 
for  each  drug.  Representative  drugs  from  seven  different 
classes  of  chemotherapeutic  agents  were  tested  including: 
anthracycline  antibiotics- DOX  (Cetus  Corporation, 
Emeryville.  CA);  antimetabolites- 5-FU  (Solo  Park  La¬ 
boratories.  Inc.,  Elk  Grove  Village.  IL):  alkylating  agents  — 
TSPA  (Lederle  Laboratories.  Pearl  River.  NY);  vinca 
alkaloids-VBL  (Eli  Lilly  Co.,  Indianapolis.  IN);  platinum 
compounds-CDDP  (Bristol  Laboratories.  Princeton,  NJ) 
and  CBDCA  (Bristol  Laboratories.  Evansville,  IN); 
topoisomerase  II  inhibitors  — VP-16  (Bristol  Laboratories, 
Princeton,  NJ);  and  taxanes-TAX  (Mead  Johnson, 
Princeton.  NJ).  Following  incubation  for  72  h  at  31^C  in 
a  humidified  atmosphere  containing  5%  CO.,  plates  were 
washed  with  phosphate-buffered  NaCl  solution  (Dulbecco's 
PBS.  Gibco  BRL.  Gaithersburg,  MD)  and  stained  with 
0.5%  crystal  violet  dye  in  methanol.  Plates  were  then 
washed  three  times  in  water  and  allowed  to  dry.  Sorenson’s 
buffer  (0.025  M  sodium  citrate,  0.025  M  citric  acid  in  50% 
ethanol)  0.1  ml  was  added  to  each  well  and  the  plates  were 
analysed  in  an  ELISA  plate  reader  at  540  nm  wavelength. 
Absorbance  at  this  wavelength  correlates  closely  to 
absolute  cell  number  (Gillies  et  al..  1986:  Reile  et  af, 
1990:  Flick  and  Gifford,  1984).  The  fraction  of  surviving 
cells  relative  to  control  were  plotted  against  the  log  of  drug 
concentration  and  the  IC50  was  interpolated  from  the 
resulting  sigmoidal  curve  using  a  4-parameter  curve  fit 
(SOFTmax:"Molecular  Devices  Corporation.  Menlo  Park, 
CA). 


In  vivo  drug  sensitivity  assays 

HER-2  or  control  vector-infected  human  breast 
(MCF7)  or  ovarian  (2008)  carcinoma  cells  were  injected 
subcutaneously  at  8x10'’  ovarian  cells  and  0.5-1.0x10^ 
breast  cells/tumor  in  the  mid-back  region  of  4-6  week  old, 
female  CD-I  (nulnii)  mice  (Charles  River  Laboratories, 
Wilmington,  MA).  Two  tumors  were  established  in  each 
animal.  The  MCF7  breast  carcinoma  cells  were  injected 
with  an  equal  volume  of  growth  factor-reduced  Matrigel 
(Collaborative  Biomedical  Products.  Bedford,  MA)  to 
support  tumor  formation.  Prior  to  cell  injection,  all  mice 
were  primed  with  17/?-estradiol  (Innovative  Research  of 
America.  Sarasota.  FL)  applied  s.c.  in  a  biodegradable 
carrier  binder  (1.7  mg  estradiol/pellet)  to  promote  tumor 
cell  growth.  Tumor  volumes  were  calculated  as  the  product 
of  length,  width,  and  depth,  and  were  monitored  twice 
weekly  by  serial  micrometer  measurements  by  a  single 
observer.  Six  to  seven  animals  were  assigned  to  each 
treatment  group  such  that  the  mean  starting  tumor 
volumes  were  the  same  in  each  group.  Very  large  or  very 
small  tumors  were  excluded  from  the  study  prior  to  drug 
treatment.  Statistical  tests  were  performed  (single-factor 
ANOVA)  to  assure  uniformity  in  starting  tumor  volumes 
between  treatment  groups.  Chemotherapeutic  drugs  or 
isovolumetric  vehicle  control  solution  were  administered 
by  i.p.  injection.  The  dosage  of  chemotherapeutic  agents 
tested  were  as  follows;  DOX  (5  mg/kg).  CDDP  (5  mg/kg), 
5-FU  (100  mg/kg),  TAX  (15  mg/kg.  day  0.1  and  2),  VP-16 
(25  mg  kg,  day  0,  3  and  7)  and  TSPA  (5  mg/kg,  day  0,  1 
and  2).  In  the  MCF7  xenograft  model  all  doses  and  dose 
schedules  were  repeated  on  day  14  of  the  experiment.  These 
doses  and  dose  schedules  are  based  on  independent  dose 
finding  experiments  conducted  in  our  laboratory  and  are 
near  the  MTD  for  this  specific  strain  and  weight  of  female 
athymic  mice.  Doses  were  based  on  individual  animal 
weights  determined  immediately  prior  to  injection.  Drug 
treatment  was  initiated  on  day  5  post  implantation  for 
ovarian  xenografts  and  day  12  post  implantation  for  breast 
xenografts  at  which  time  measurable  growing  tumor 
nodules  had  formed.  Mean  tumor  volumes  of  drug-treated 
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relative  to  control-treated  animals  (T/C  ratios)  were 
calculated  as  a  measure  of  response. 

Statistical  at  uilysis 

Differences  between  in  vitro  dose-response  curves  for 
paired  (NEO  w?  HER-2)  cell  lines  were  analysed  using 
two-factor  analysis  of  variance  (ANOVA)  of  data  points 
between  the  ICk,  and  ICs,,.  Differences  in  tumor  volumes 
following  response  to  chemotherapy  were  compared  using 
two-factor  ANOVA.  In  addition,  in  the  in  vivo  MCF7 
breast  xenograft  model  differences  between  MCF7  NEO 
and  MCF7/HER-2  T/C  ratios  were  compared  using  non- 
parametric  methods  (Mann-Whitney  U  test).  All  statistical 
computations  were  made  with  Stat  View  SE  and  Super 
ANOVA  software  (Abacus  Concepts.  Berkeley,  CA). 


Note  added  in  proof 

Subsequent  to  the  submission  of  this  manuscript,  MJ 
Stender.  et  al.  {Proc.  Am.  Soc.  Clin.  Oncol..  16,  154a)  have 
reported  results  from  a  clinical  trial  conducted  by  the 
Eastern  Cooperative  Oncology  Group  (ECOG  1193)  in 


which  patients  with  metastatic  breast  cancer  were  treated 
with  doxorubicin,  paclitaxel  or  the  combination.  In  this 
study,  patients  with  circulating  plasma  c-erbB-l  (HER-2) 
extracellular  domain  levels  >  30 ///ml  (/?  =  61)  had  statisti¬ 
cally  worse  survival  (median  survival  estimates:  17.7 
months  vs  30.2  months,  0.0008)  compared  to  c-erbPt-l 
negative  patients;  however,  there  was  no  association 
between  quantitative  c-cr^B-2  measurements  in  280 
patient  plasma  samples  and  objective  clinical  response  to 
chemotherapy.  These  clinical  results  are  in  agreement  with 
our  experimental  data  which  indicate  that  HER-2//7^// 
overexpression  is  insufficient  to  cause  intrinsic  drug 
resistance. 
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HER-2  TYROSINE  KINASE  PATHWAY  REGULATES  ESTROGEN 
RECEPTOR  AND  GROWTH  IN  HUMAN  BREAST  CANCER  CELLS 
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UCLA  School  of  Medicine,  Department  of  Medicine, 
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The  success  of  antiestrogen  therapy  for  human  breast  cancer  is  dependent  on  close  regulation 
of  cell  growth  by  hormones.  Estrogens  promote  growth  by  specific  binding  to  breast  cell 
receptors  which,  in  turn,  act  as  potent  nuclear  transcription  factors  (see  Fig.  1).  However,  as 
cancer  progresses,  receptors  for  estrogen  may  be  subverted  by  cross-communication  with 
peptide  receptor  pathways.  HER-2  tyrosine  kinase,  in  combination  with  HER-3  protein, 
forms  a  high  affinity  receptor  for  heregulin  (HRGX  a  peptide  implicated  in  the  growth 
control  of  breast  cells.  On  stimulation,  HER-2  receptor  promotes  signal  transduction  to  the 
nucleus  via  specific  phosphorylation  cascades.  Phosphorylation  of  ER  on  tyrosine  and  serine 
residues  is  associated  with  changes  in  the  interaction  of  ER  with  DNA  and  offers  a  potential 
link  to  HER-2  pathways  (Fig.l).  Since  overexpression  of  HER-2  receptor  in  breast  cancer 
predicts  a  poor  response  to  endocrine  therapy,  understanding  the  relation  between  HER-2 
and  ER  receptors  may  facilitate  patient  management  and  development  of  improved  therapies. 

Regulation  of  ER  by  HER-2  may  foster  the  genesis  of  estrogen-independent  growth.  Using 
estrogen-responsive,  human  MCF-7  breast  cancer  cells  with  low  levels  of  HER-2  gene  and 
bioengineered  MCF-7  cells  with  overexpression  of  HER-2.  we  tested  growth  regulation  by 
estrogen  and  antiestrogens.  Although  1  nM  estradiol-176  elicits  increased  growth  of  MCF-7 
parent  cells  (P<0.001),  the  hormone  has  no  effect  on  proliferation  of  MCF-7/HER-2  cells. 
Treatment  of  MCF-7  parent  cells  with  the  antiestrogen,  tamoxifen,  leads  to  a  dose-dependent 
reduction  in  cell  growth  (P<0.01),  but  MCF-7/HER-2  cells  are  not  affected  by  tamoxifen. 
Thus,  overexpression  of  HER-2  gene  in  estrogen-sensitive  MCF-7  cells  appears  to  elicit 
resistance  to  endocrine  therapy  in  vitro.  Using  a  nude  mouse  model,  MCF-7  parent  cells  fail 
to  grow  in  the  absence  of  estrogen,  and,  as  expected,  estradiol  enhances  the  growth  of  MCF- 
7  tumors  in  vivo.  It  is  notable  that  treatment  with  HRG  also  maintains  the  growth  of  these 
estrogen-dependent  parental  cells  in  ovciriectomized  mice  even  in  the  absence  of  estrogen. 

Keywords:  Estrogen  Receptor,  HER-2/neu,  Erb-B2,  Tamoxifen, 
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Fig.l.  Pathways  of  estrogen-dependent  and  estrogen-independent  activation  of  estrogen 
receptor  (ER)  in  breast  cancer  cells  with  HER-2  receptor  (HER-2)  overexpression.  Estrogen 
(E2)  binds  ER  and  promotes  receptor  dimerization.  ER  dimers  activate  estrogen-response 
elements  (ERE)  in  nucleus  and  specific  transcription.  Heregulin  may  stimulate  HER-2 
receptor  and  promote  estrogen-independent  ER  activation  (Oncogene  1995;  10:  2435). 

In  vivo,  MCF-7  parent  cells  are  sensitive  to  tamoxifen  treatment,  but  MCF-7/HER-2  cells 
are  unaffected  by  the  drug.  Collectively,  these  findings  suggest  that,  as  in  the  clinic, 
activation  of  HER-2  receptors  associates  with  the  progression  of  human  breast  cancers  to  a 
hormone-independent  state. 

To  assess  cross-talk  between  ER  and  HER-2,  we  tested  whether  ER  is  a  substrate  for 
phosphorylation  by  HER-2  tyrosine  kinase.  MCF-7  cells  were  treated  with  HRG  in  the 
absence  of  estrogen  and  showed  a  prominent  increase  in  tyrosine  phosphorylation  of  ER 
protein,  with  phosphorylation  of  ER  as  early  as  1-2  min  after  HRG.  In  MCF-7/HER-2  cells, 
HRG  elicits  a  similar  increase  in  tyrosine  phosphorylation  of  ER,  with  maximal  effects  at  5- 
15  min.  This  regulation  of  ER  phosphorylation  by  the  HER-2  /HRG  pathway  suggests  that 
molecular  activation  of  ER  may  not  depend  exclusively  on  estrogen  binding  (Fig.  1 ).  Indeed, 
in  the  absence  of  estrogen,  treatment  with  HRG  activates  transcription  from  an  ERE-CAT 
reporter  gene  transfected  in  MCF-7  parent  cells,  suggesting  that  HRG  signaling  promotes 
estrogen-independent  activity  by  ER. 

Treatment  of  MCF-7  cells  with  estrogen  provokes  a  delayed  down-regulation  of  ER 
transcripts  and  protein  levels,  an  autoregulatory  circuit  serving  to  limit  estrogen  action. 
Analyses  of  RNA  and  protein  from  MCF-7  parent  and  MCF-7/HER-2  cells  show  a  similar 
reduction  in  both  ER  transcripts  (6.5  kb)  and  pH]-estradiol-binding  activity  in  breast  cells 
that  overexpress  HER-2  gene  as  compared  to  parent  control  cells. 

Although  overexpression  of  HER-2  gene  in  MCF-7  tumor  cells  elicits  estrogen-independent 
growth  that  is  resistant  to  tamoxifen,  MCF-7/HER-2  cells  retain  sensitivity  to  a  pure 
antiestrogen,  ICI  182.780.  In  addition,  therapy  of  MCF-7/HER-2  cells  with  a  combination 
of  ^oti-HER-2  receptor  antibody  (MAb;  Fig.  1 )  and  tamoxifen  appears  to  enhance  antitumor 
activity  (P<0.001).  Results  of  this  work  will  help  to  guide  efforts  for  development  of 
improved  antihormone  therapeutics  for  use  in  the  suppression  and  prevention  of  breast 
cancers  with  overexpression  of  HER-2  receptors. 
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HER-2  oncogene  encodes  a  transmembrane  growth 
factor  receptor  that  is  overexpressed  in  25-30%  of 
patients  with  primary  breast  and  ovarian  cancer.  A 
murine  monoclonal  antibody,  4D5,  to  the  extracellular 
domain  of  HER-2  receptor  elicits  cytostatic  growth 
inhibition  of  tumor  cells  overexpressing  HER-2  protein, 
but  clinical  use  of  this  antibody  is  limited  by  genesis  of 
human  anti-mouse  antibodies.  To  avoid  this  problem,  a 
recombinant  humanized  4D5  monoclonal  antibody  (rhu- 
MAb  HER-2)  was  developed  and  tested  using  a  human 
tumor  xenograft  model.  Human  breast  and  ovarian 
cancer  cells  which  overexpress  HER-2  were  inhibited  in 
vivo  by  the  rhuMAb  HER-2  antibody.  Tumor  growth 
relative  to  control  was  reduced  at  all  doses  of  antibody 
tested,  and  the  magnitude  of  growth  inhibition  was 
directly  related  to  dose  of  rhuMAb  HER-2.  Tumor 
growth  resumed  on  termination  of  antibody  therapy, 
indicating  a  cytostatic  effect.  To  elicit  a  cytotoxic 
response,  human  breast  tumor  xenografts  were  treated 
with  a  combination  of  antibody  and  antitumor  drugs, 
cisplatin  or  doxorubicin.  The  combination  of  antibody 
with  either  cisplatin  or  doxorubicin  resulted  in  signifi¬ 
cantly  greater  growth  inhibition,  with  the  cisplatin 
combination  demonstrating  a  greater  response.  In 
addition,  therapy  with  cisplatin  and  antireceptor  anti¬ 
body  elicited  complete  tumor  remissions  after  2-3  cycles 
of  therapy.  The  schedule  of  administration  of  anti¬ 
receptor  antibody  and  cisplatin  was  critical  for  occur¬ 
rence  of  antibody-induced  potentiation  in  cisplatin 
cytotoxicity.  Enhanced  killing  of  tumor  cells  was  found 
only  if  antibody  and  drug  were  given  in  close  temporal 
proximity.  Since  interference  with  DNA  repair  pathways 
may  contribute  to  this  receptor-enhanced  chemosensitiv- 
ity,  repair  of  cisplatin-damaged  reporter  DNA  (pCMV- 
f)  was  determined  in  human  breast  cells.  As  in  studies  of 
antibody-enhanced  cisplatin  cytotoxicity  in  vivo,  treat¬ 
ment  with  rhuMAb  HER-2  blocked  the  repair  of 
cisplatin-damaged  DNA  only  if  the  antibody  was 
administered  in  close  temporal  proximity  to  transfection 
of  the  drug-exposed  reporter  DNA.  An  alternative 
measure  of  DNA  repair,  unscheduled  DNA  synthesis, 
was  also  assessed.  Treatment  with  either  cisplatin  or 
doxorubicin  led  to  an  increase  in  unscheduled  DNA 
synthesis  that  was  reduced  by  combined  therapy  with 
antireceptor  antibody  specific  to  HER-2-overexpressing 
breast  cancer  cells.  Using  a  direct  measure  of  DNA 
repair,  therapy  of  HER-2-overexpressing  cells  with 
rhuMAb  HER-2  also  blocked  the  removal  of  cisplatin- 
induced  DNA  adducts.  Expression  of  p21/WAFl,  an 
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important  mediator  of  DNA  repair,  was  disrupted  in 
breast  cancer  cells  with  HER-2  overexpression,  but  not 
in  control  cells,  after  treatment  with  HER-2  antibody, 
thus  suggesting  cross-communication  between  the  HER-2 
signaling  and  DNA  repair  pathways.  These  data 
demonstrate  an  in  vivo  antiproliferative  effect  of  rhuMAb 
HER-2  on  tumors  that  overexpress  HER-2  receptor  and 
a  therapeutic  advantage  in  the  administration  of  the 
antireceptor  antibody  in  combination  with  chemother¬ 
apeutic  agents. 

Keywords:  breast  cancer;  ovarian  cancer;  monoclonal 
antibody;  HER-2/neu;  cisplatin;  doxorubicin 


Introduction 

Breast  cancer  is  a  leading  cause  of  cancer-related  death 
in  women,  with  ultimate  treatment  failure  often  related 
to  resistance  to  conventional  drug  therapy  (Harris  et 
al.,  1992).  Screening  studies  of  human  breast  cancer 
tissue  for  genetic  alterations  revealed  amplification 
and/or  overexpression  of  HER-2  {c-erbB-2/nQu)  pro¬ 
to-oncogene  in  25-30%  of  these  cancers  (Slamon  et 
ai,  1987,  1989a;  Harris  et  al,  1992).  This  molecular 
alteration  correlates  with  a  poor  prognosis  in  that 
patients  whose  tumors  contain  the  alteration  have  a 
shorter  disease-free  survival  as  well  as  a  shorter  overall 
survival  (Slamon  et  al.,  1987,  1989a;  Lemoine  et  al, 
1990;  Press  et  al,  1993;  Seshadri  et  al,  1993). 
Moreover,  results  of  recent  clinical  trials  suggest  that 
improvement  in  the  outcome  of  patients  with  HER-2- 
overexpressing  breast  cancer  may  require  treatment 
with  significantly  higher  doses  of  combination  che¬ 
motherapy  including  anthracyclines  and  alkylating 
agents  (Muss  et  al.,  1994). 

The  HER-2  proto-oncogene  encodes  a  185  000  kd 
transmembrane  receptor  tyrosine  kinase  with  homol¬ 
ogy  to  epidermal  growth  factor  receptor  (Coussens  et 
ai,  1985;  Semba  et  ai,  1985).  This  receptor  has 
oncogenic  potential  which  may  be  mediated  through 
multiple  genetic  mechanisms  including  point  mutations 
in  the  transmembrane  domain  (Bargmann  et  ai,  1986), 
truncation  of  the  extracellular  domain  or  overexpres¬ 
sion  of  the  non-mutated  proto-oncogene  (DiFiore  et 
ai,  1987;  Hudziak  et  al.,  1987;  Yarden  and  Ullrich, 
1988;  Aaronson,  1991).  To  date,  no  similar  point 
mutations  or  truncations  have  been  found  in  the  HER- 
2  gene  product  in  human  cancers  (Slamon  et  ai,  1987; 
1989a, b;  Aaronson,  1991;  Lofts  and  Gullick,  1992). 
Rather,  the  alteration  occurring  in  human  malignant 
cells  is  overexpression  of  a  normal  gene  product  which 
is  almost  always  but  not  uniformly  due  to  gene 
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amplification  (Slamon  et  al,  1989a, b;  Lemoine  et  al, 
1990;  Pauletti  et  al,  1996).  In  addition,  overexpression 
of  structurally-unaltered  HER-2  gene  leads  to  neoplas¬ 
tic  transformation  of  both  NIH3T3  cells  (DiFiore  et 
al,  1987;  Hudziak  et  al,  1987)  and  immortalized,  but 
non- transformed,  human  breast  cells  (Pierce  et  al, 

1991) ,  indicating  that  this  alteration  may  play  a 
pathogenic  role  in  promoting  tumorigenicity  of  non- 
malignant  cells.  Collectively,  such  data  indicate  that 
amplification  and/or  overexpression  of  the  HER-2  gene 
in  human  breast  cells  has  a  significant  effect  on  their 
biologic  behavior  and  support  the  concept  that  this 
alteration  plays  a  pathogenic  role  in  increasing  growth 
and  tumorigenicity  of  human  breast  cancer  cells. 

Monoclonal  antibodies  against  the  extracellular 
domain  of  HER-2  membrane  receptor  can  suppress 
tumorigenesis  by  HER-2-transformed  NIH3T3  or  NR6 
cells  (Drebin  et  al,  1988;  Chazin  et  al,  1992)  and 
specifically  inhibit  the  growth  of  human  breast 
carcinoma  cells  overexpressing  the  HER-2  gene 
product  (Hudziak  et  al,  1989).  One  murine  mono¬ 
clonal  antibody,  4D5,  has  proven  particularly  effective 
in  inhibiting  growth  of  human  tumor  cells  with  HER-2 
overexpression  (Hudziak  et  al,  1989;  Fendly  et  al, 
1990).  However,  available  data  indicate  that  effects  of 
4D5  antibody  are  cytostatic,  not  cytocidal.  A  second 
difficulty  with  the  antibody  is  that  it  is  a  mouse 
product  and  as  such  can  elicit  a  human  anti-mouse 
antibody  response  in  patients  receiving  it.  To 
circumvent  this  problem,  a  humanized  version  of  4D5 
was  developed  (Carter  et  al,  1992).  This  engineered 
antibody  contains  only  the  antigen  binding  loops  from 
murine  antibody  4D5  and  includes  human  variable 
region  framework  residues  plus  human  IgGl  constant 
domains  (Carter  et  al,  1992).  Prior  pharmacokinetic 
studies  using  murine  monoclonal  antibody  4D5  and 
rhuMAb  HER-2  (Maneval  et  al,  1991;  DeSantes  et  al, 

1992)  have  been  presented.  These  data  show  that  in 
vivo  serum  clearance  and  permanence  times  are  similar 
for  humanized  and  native  murine  monoclonal  anti¬ 
bodies.  The  efficacy  of  recombinant  humanized 
monoclonal  antibody  to  HER-2  receptor  (rhuMAb 
HER-2)  in  vitro  on  human  breast  cells  with  over¬ 
expression  of  HER-2  receptor  has  also  been  demon¬ 
strated  (Carter  et  al,  1992),  but  the  effect  of  this 
preparation  in  vivo  in  preclinical  animal  studies  remains 
to  be  established. 

Independent  studies  show  that  ligands  or  anti¬ 
bodies  to  growth  factor  receptors  can  potentiate  the 
cytotoxicity  of  chemotherapeutic  drugs  (Aboud-Pirak 
et  al,  1988;  Jensen  and  Linn,  1988;  Christen  et  al, 
1991;  Hancock  et  al,  1991;  Shepard  et  al,  1991; 
Pietras  et  al,  1994;  Arteaga  et  al,  1994;  Dixit  et  al, 
1997;  Mendelsohn  and  Fan,  1997).  Monoclonal 
antibodies  to  EGF  receptor  elicited  an  additive 
antitumor  effect  when  given  in  combination  with 
the  anthracycline  drug,  doxorubicin  (Aboud-Pirak  et 
al,  1989).  A  poorly  understood  but  probable 
synergistic  effect  between  monoclonal  antibodies  to 
EGF  receptor  and  the  chemotherapy  drug,  cisplatin, 
has  also  been  reported  (Aboud-Pirak  et  al,  1988). 
The  combined  treatment  resulted  in  a  dramatic 
reduction  in  the  number  and  size  of  epidermoid 
cancers  grown  as  xenografts  in  athymic  mice. 
Antibodies  to  HER-2  receptor  have  likewise  been 
found  to  promote  cell  killing  by  cisplatin  in  tumors 


with  overexpression  of  the  HER-2  membrane  receptor 
(Hancock  et  al,  1991;  Shepard  et  al,  1991;  Pietras  et 
al,  1994),  and  this  effect  has  been  shown  to  be  a 
true  synergistic  interaction  in  both  breast  and  ovarian 
cancer  cells  (Pietras  et  al,  1994).  Similarly,  binding  of 
certain  growth  factors  to  their  cognate  receptors  has 
been  reported  to  modulate  cellular  sensitivity  to 
drugs.  Incubation  of  human  tumor  cells  with  EGF 
has  been  found  to  increase  sensitivity  of  these  cells  to 
the  cytotoxic  effects  of  cisplatin  (Christen  et  al, 
1991).  A  biologic  basis  for  these  growth  factor 
receptor-dependent  changes  in  cellular  sensitivity  to 
DNA-interacting  agents  may  be  related  to  DNA 
repair  mechanisms.  Treatment  of  human  neuroblas¬ 
toma  cells  with  NGF  slows  the  removal  of  DNA 
adducts  caused  by  the  DNA-damaging  drug,  ben- 
zo(a)pyrene  (Jensen  and  Linn,  1988).  Signal  generated 
by  activation  of  EGF  receptor  may  also  alter  the  rate 
of  DNA  repair  in  affected  cells  (Christen  et  al, 
1991).  Work  from  our  laboratory  shows  that  anti- 
HER-2  receptor  antibody-induced  blockade  of  cispla- 
tin-DNA  adduct  repair  in  cells  with  HER-2  over¬ 
expression  leads  to  a  two  log  increase  in  cytotoxicity 
of  the  drug  (Pietras  et  al,  1994).  The  specific 
molecular  pathway  for  suppression  of  DNA  repair 
triggered  by  ligand  (or  antireceptor  antibody) 
interactions  remains  undefined.  Cell  responses  to 
DNA  damage  are  regulated,  in  part,  by  growth 
factor  signaling  pathways  (Canman  et  al,  1995;  Yen 
et  al,  1997).  Recent  reports  show  p53-independent 
activation  of  p21/WAFl  by  mitogen-activated  protein 
kinase  (MAP  kinase)  signaling,  and  withdrawal  of 
growth  factors  in  vitro  has  been  associated  with 
down-regulation  of  p21/WAFl  expression  and  with 
enhanced  cell  killing  in  response  to  DNA  damage 
(Canman  et  al,  1995;  Liu  et  al,  1996).  Since 
maintenance  of  the  integrity  of  DNA  by  repair  is 
essential  to  cell  survival,  blockade  of  DNA  repair 
triggered  by  peptide  ligand  or  antireceptor  antibody 
interactions  could  have  application  in  cancer  therapy. 

The  objectives  of  this  study  are  to  further  evaluate 
the  possibility  of  therapeutically  exploiting  these  types 
of  interactions  to  treat  human  cancer  cells  which 
overexpress  the  HER-2  receptor.  The  data  presented 
demonstrate  an  in  vivo  cytostatic  effect  of  rhuMAb- 
HER-2  in  both  breast  and  ovarian  cancer  cells  with 
HER-2  overexpression.  On  the  basis  of  independent 
work  showing  synergistic  interaction  between  4D5 
antireceptor  antibody  and  the  DNA-damaging  drug, 
cisplatin,  resulting  in  enhanced  cytotoxicity  in  tumors, 
the  therapeutic  advantage  of  rhuMAb  HER-2  given  in 
combination  with  cisplatin  was  tested  with  human 
breast  tumor  xenografts  in  athymic  mice.  In  addition, 
comparison  of  rhuMAbHER-2  interaction  with  the 
DNA-intercalating  drug,  doxorubicin,  was  conducted. 
These  studies  reveal  that  the  humanized  antireceptor 
antibody  enhances  breast  cancer  cell  killing  in 
combination  with  some  chemotherapeutic  agents,  with 
optimal  antitumor  effects  occurring  in  combination 
with  cisplatin.  The  HER-2  receptor-enhanced  sensitiv¬ 
ity  to  cisplatin  occurred  only  if  the  two  agents  were 
administered  in  close  temporal  proximity,  suggesting  a 
critical  biologic  timeframe  for  promoting  this  phenom¬ 
enon.  These  results  provide  a  tentative  schedule  for 
testing  and  exploiting  this  novel  therapeutic  strategy  in 
the  clinic. 
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Results 

Effect  of  recombinant  humanized  monoclonal  antibody  to 
HER-2  (rhuMAb  HER-2)  on  growth  of  human  breast 
and  ovarian  cells  in  a  thymic  mice 

Introduction  of  full-length  human  HER-2  cDNA  into 
human  breast  cancer  cells,  MCF-7,  results  in  2-5 
copies  of  the  gene  per  cell  as  compared  to  5-8  copies 
of  the  gene  in  SKBR3  cells,  a  non-engineered, 
naturally-amplified  cell  line  from  patient  material 
which  expresses  levels  of  the  gene  at  the  upper  limit 
of  that  seen  in  human  malignancies  in  nature  (Kraus 
et  al,  1987).  A  similar  level  of  amplification  is 
observed  after  transfection  of  CAOV3  ceils  with 
HER-2  retroviral  vector.  Levels'  of  HER-2  over¬ 
expression  as  assessed  by  Western  blot  analyses 
demonstrate  expression  levels  at  or  slightly  below 
those  seen  in  the  naturally  HER-2-amplified,  over¬ 
expressing  SKBR3  cells.  Such  overexpression  of  the 
gene  in  murine  cells  has  profound  biologie  effects, 
including  significant  increments  in  DNA  synthesis,  cell 
growth,  cloning  efficiency  in  soft  agar,  and  in  tumor 
formation  in  nude  mice  as  reported  previously  (Chazin 
et  al,  1992;  Pietras  et  ai,  1994,  1995).  Although 
MCF-7  parent  and  MCF-7  control  cells  form  tumors 
in  nude  mice  with  estrogen  treatment  as  reported 
before  (Soule  and  McGrath,  1980),  overexpression  of 
the  HER-2  gene  in  human  breast  cancer  cells 
(MCF-7/HER-2)  leads  to  formation  of  tumors  in 
nude  mice  at  10-times  the  size  of  those  formed  by 
MCF-7  parent  or  MCF-7  /CON  cells  after  28  days 
(P<  0.001;  see  Figure  1). 

To  determine  if  the  rhuMAb  HER-2  monoclonal 
antibody  which  is  directed  against  the  extracellular 
domain  of  the  human  gene  had  any  effect  on  human 
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cancer  cells  overexpressing  the  HER-2  gene,  studies 
were  performed  using  this  antibody  to  treat  nude  mice 
implanted  with  the  engineered  human  breast  and 
ovarian  cancer  cells.  Overexpressing  MCF-7  human 
breast  or  overexpressing  CaOV3  human  ovarian  cancer 
cells  were  injected  subcutaneously  at  a  dose  of  3.5- 
5.0x10^  cells/animal  in  the  mid-back  region  of  3- 
month-old  female  Swiss  nude  mice  which  had  been 
primed  for  7  days  with  estradiol- 17jS.  Following 
injection  of  cells,  a  period  of  7  days  elapsed  to  allow 
formation  of  tumor  nodules.  Animals  were  then 
randomized  into  six  uniform  groups  based  on  animal 
weight  and  tumor  volume  at  the  start  of  the 
experiment.  Monoclonal  antibody  and  control  solu¬ 
tion  were  administered  by  intraperitoneal  injection. 
RhuMAb  HER-2  was  tested  at  total  doses  of  3,  10,  30 
and  100  mg/kg  and  compared  to  the  known  in  vivo 
inhibitory  effects  of  the  murine  4D5  antibody.  Control 
injections  included  huIgGl,  total  dose  100  mg/kg,  and 
murine  MAb  4D5,  total  dose  25  mg/kg.  As  indicated  in 
Materials  and  methods,  our  choices  for  dose  and 
schedule  of  therapy  were  based  on  results  of  prior 
pharmacokinetic  studies  using  murine  monoclonal 
antibody  4D5  and  rhuMAb  HER-2  (Maneval  et  al, 

1991;  DeSantes  et  ai,  1992).  Test  agents  were 
administered  in  three  divided  doses  on  days  1,  5  and 
9.  Tumor  nodules  were  monitored  two  times  per  week 
by  serial  micrometer  measurements  by  a  single 
observer.  Tumor  size  in  treated  animals  was  followed 
to  day  21. 

Results  of  studies  with  MCF-7  /HER-2  cells  are 
shown  in  Figure  2.  The  effect  of  various  doses  of 
rhuMAb  HER-2  (Groups  C-F)  on  tumor  volume 
was  compared  to  that  of  control  human  IgGl  (Group 
A)  and  rhuMAb  4D5  (Group  B).  Marked  inhibition 
of  tumor  growth  relative  to  control  was  seen  at  all 


Figure  1  Growth  of  MCF-7  cells  with  or  without  HER-2  gene 
overexpression  as  xenografts  in  nude  mice.  MCF-7  parental  cells 
(MCF-PAR)  were  bioengineered  with  CON  (normal-copy  HER- 
2)  or  HER-2  (multi-copy  HER-2)  retroviral  expression  vectors  as 
described  in  Materials  and  methods.  Cells  were  inoculated 
subcutaneously  in  athymic  mice  which  had  been  primed  for  7 
days  with  estradiol- 17j5.  Tumor  nodules  were  then  monitored  to 
day  28 


Figure  2  Antitumor  efficacy  of  various  doses  of  rhuMAb  HER- 
2  on  human  MCF-7  breast  tumor  xenografts  in  athymic  mice. 
MCF-7  cells  were  engineered  for  overexpression  of  HER-2 
receptor  as  described  in  Materials  and  methods.  After  7  days, 
treatments  were  instituted  with  human  IgGl  at  100  mg/kg 
(Group  A);  murine  monoclonal  antibody  4D5  at  25  mg/kg 
(Group  B);  or  rhuMAb  HER-2  at  3  mg/kg  (Group  C),  10  mg/kg 
(Group  D),  30  mg/kg  (Group  E)  or  100  mg/kg  (Group  F).  Mean 
tumor  size  in  each  rhuMAb  HER-2  group  was  compared  to  that 
in  human  IgGl-  or  murine  4D5-treated  groups.  Marked 
inhibition  of  mean  day  21  tumor  growth  relative  to  control 
IgGl  was  observed  at  all  doses  of  rhuMAb  HER-2  tested 
(R<0.01).  Animal  weights  on  days  1  and  21  were  not 
significantly  different  (data  not  shown) 
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doses  of  rhuMAb  HER-2  tested  (P<0.01).  Analyses 
of  mean  tumor  volumes  at  day  21  indicate  that  the 
antitumor  effect  of  rhuMAb  HER-2  is  dose-dependent 
(E<0.01).  The  rhuMAb  HER-2  at  a  dose  of  100  mg/ 
kg  had  an  effect  comparable  to  murine  4D5  antibody 
at  a  dose  of  25  mg/kg.  It  is  notable  that  rhuMAb 
HER-2,  even  at  the  lowest  dose  tested  (3  mg/kg), 
effectively  suppressed  tumor  growth  during  the  period 
of  active  treatment  (i.e.,  day  1  through  day  9).  In 
independent  control  experiments,  we  also  tested  the 
effect  of  rhuMAb  HER-2  at  a  dose  of  30  mg/kg  in 
estrogen-supplemented  nude  mice  innoculated  with 
MCF-7  /  CON  tumors  at  50-100  mm^  in  size.  After 
21  days  of  therapy  as  above,  no  significant  antitumor 
effect  of  the  antibody  was  found  in  tumors  induced  by 
cells  with  a  single-copy  of  the  gene  which  express 
normal  levels  of  the  HER-2  receptor  (data  not 
shown). 

A  parallel  study  of  rhuMAb  HER-2  effects  in 
CAOV3/HER-2  human  ovarian  cancer  cells  is  shown 
in  Figure  3.  As  with  the  breast  cancer  cells,  the 
antitumor  effect  of  several  doses  of  rhuMAb  HER-2 
(Groups  C-F)  on  human  ovarian  cancer  cells  was 
compared  to  that  of  control  human  IgGl  (Group  A) 
and  murine  4D5  (Group  B)  treatment  over  a  21  day 
period.  Inhibition  of  tumor  growth  at  day  21  relative 
to  control  IgGl  was  observed  at  all  doses  of  rhuMAb 
HER-2  tested.  The  degree  of  inhibition  reached 
statistical  significance  at  the  highest  dose  of  rhuMAb 
HER-2  where  a  tenfold  decrease  in  tumor  size 
compared  to  control  was  found  (P<  0.001).  These 
data  demonstrate  that  the  tumor  suppressive  activity  of 
the  rhuMAb  HER-2  monoclonal  antibody  is  not 
restricted  by  cell  or  epithelial  tissue  type. 


Figure  3  Antitumor  efficacy  of  various  doses  of  rhuMAb  HER-2 
on  human  CAOV3  ovarian  tumor  xenografts  in  athymic  mice. 
CAOV3  cells  were  engineered  for  overexpression  of  HER-2 
receptor  as  described  in  Materials  and  methods.  After  7  days, 
treatments  were  instituted  with  human  IgGl  at  100  mg/kg  (Group 
A);  murine  monoclonal  antibody  4D5  at  25  mg/kg  (Group  B);  or 
rhuMAb  HER-2  at  3  mg/kg  (Group  C),  10  mg/kg  (Group  D), 
30  mg/kg  (Group  E)  or  100  rng/kg  (Group  F).  The  antitumor 
effect  of  the  several  doses  of  rhuMAb  HER-2  was  compared  to 
that  of  control  human  IgGl  and  4D5  treatments  over  21  days. 
Inhibition  of  tumor  growth  at  day  21  relative  to  control  IgGl  was 
observed  at  all  doses  of  rhuMAb  HER-2  tested,  but  only  reached 
statistical  significance  at  the  highest  dose  of  rhuMAb  HER-2 
where  a  tenfold  decrease  in  tumor  size  compared  to  control  was 
found  (P<  0.001).  Animal  weights  on  days  1  and  21  were  not 
significantly  different  (data  not  shown) 


Effect  of  combined  therapy  with  rhuMAb  HER-2  and 
cisplatin  in  athymic  mice  with  human  breast  tumor 
xenografts 

In  view  of  recent  reports  indicating  that  murine  anti- 
HER-2  receptor  antibodies  have  synergistic  antitumor 
effects  with  cisplatin  (Christen  et  al,  1991;  Hancock  et 
al,  1991;  Shepard  et  al,  1991;  Pietras  et  al,  1994), 
experiments  were  conducted  to  evaluate  potential 
enhanced  effects  of  rhuMAb  HER-2  when  combined 
with  the  chemotherapeutic  drug,  cisplatin,  on  the 
growth  of  HER-2-overexpressing  human  breast  cancer 
cells.  The  MCF-7  /HER-2  cells  were  cultivated  in 
estrogen-primed  female  nude  mice  for  7  days  and  then 
randomized  to  seven  treatment  groups.  The  study 
design  included  mice  treated  with:  human  IgGl  control 
at  3  mg/kg  (Group  A);  cisplatin  at  0.25  mg/kg  and 
IgGl  at  3  mg/kg  (Group  B);  cisplatin  at  0.75  mg/kg 
and  IgGl  at  3  mg/kg  (Group  C);  rhuMAb  HER-2  at 
1  mg/kg  (Group  D)  and  at  3  mg/kg  (Group  E); 
rhuMAb  HER-2  at  1  mg/kg  with  cisplatin  at 
0.25  mg/kg  (Group  F);  rhuMAb  HER-2  at  1  mg/kg 
with  cisplatin  at  0.75  mg/kg  (Group  G);  rhuMAb 
HER-2  at  3  mg/kg  with  cisplatin  at  0.25  mg/kg 
(Group  H);  and  rhuMAb  HER-2  at  3  mg/kg  with 
cisplatin  at  0.75  mg/kg  (Group  I).  The  total  doses  of 
antibody  indicated  above  were .  administered  as  three 
divided  doses  on  days  1,  5  and  9.  Those  groups  treated 
with  cisplatin  received  a  single  injection  of  the  drug 
18  hi  after  administration  of  the  antibody.  All  agents 
were  given  as  intraperitoneal  injections.  Tumor  nodules 
were  monitored  up  to  day  21. 

Figure  4  shows  the  magnitude  and  time  course  of 
the  effect  of  various  doses  of  rhuMAb  HER-2  with  or 


Figure  4  Enhanced  antitumor  effects  of  the  chemotherapeutic 
drug,  cisplatin,  when  combined  with  rhuMAb  HER-2.  HER-2- 
overexpressiftg  MCF-7  breast  cancer  cells  were  cultivated  in 
estrogen-primed  female  nude  mice  for  7  days  and  then 
randomized  to  seven  treatment  groups.  The  study  design  included 
mice  treated -with:  human  IgGl  control  at  3  mg/kg  (Group  A); 
cisplatin  at  0.25  mg/kg  and  IgGl  at  3  mg/kg  (Group  B);  cisplatin 
at  0.75. mg/kg  and  IgGl  at  3  rng/kg  (Group  C);  rhuMAb  HER-2 
at  1  mg/kg  (Group  D)  and  at  3  mg/kg  (Group  E);  rhuMAb  HER2 
at  1  mg/kg  with  cisplatin  at  0.25  mg/kg  (Group  F);  and  rhuMAb 
HER-2  at  1  mg/kg  .with  cisplatin  at  0.75  mg/kg  (Group  G); 
rhuMAb  HER-2  at  3  mg/kg  with  cisplatin  at  0.25  mg/kg  (Group 
H);  and  rhuMAb  HER-2  at  3  mg/kg  with  cisplatin  at  0.75  mg/kg 
(Group  I).  Total  doses  of  antibody  above  were  administered  as 
three  divided  doses  on  days  1,  5  and  9.  Groups  treated  with 
cisplatin  received  a  single  injection  of  the  drug  18  h  after  antibody. 
All  agents  were  given  as  rapid  intraperitoneal  injections.  Tumor 
nodules  were  monitored  until  day  21 
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without  cisplatin  on  tumor  volume  compared  to 
control  groups.  Results  at  days  18  and  21  were 
comparable  and  are  detailed  here.  Of  mice  receiving 
either  rhuMAb  HER-2  at  low  dose  (Group  D)  or 
cisplatin  with  control  IgG  (Groups  B,C),  mean 
inhibition  of  tumor  growth  compared  to  control 
(Group  A)  was  measurable  but  minimal  (jP>0.05) 
and  only  attained  statistical  significance  in  animals 
receiving  3  mg/kg  of  rhuMAb  HER-2  (P<0.01).  In 
contrast,  animals  that  received  both  rhuMAb  HER-2 
and  a  single  injection  of  cisplatin  displayed  a  marked 
reduction  of  2- 16-fold  in  mean  21-day  tumor  volumes 
relative  to  control  (P<0.0\).  Moreover,  average  tumor 
sizes  in  animals  injected  with  both  rhuMAb  HER-2 
and  cisplatin  (i.e.,  Groups  G-I)  were,  with  the 
exception  of  Group  F,  significantly  less  than  when 
comparable  doses  of  either  agent  were  given  separately 
(F<0.05).  These  data  indicate  an  enhanced  effect  of 
cisplatin  when  administered  with  rhuMAb  HER-2  and 
support  the  clinical  application  of  these  agents  in 
combination. 

Effect  of  order  of  administration  of  rhuMAb  HER-2  and 
cisplatin  on  growth  of  human  breast  tumor  xenografts  in 
athymic  mice 

To  evaluate  the  potential  influence  of  schedule  of 
administration  of  rhuMAb  HER-2  when  combined 
with  cisplatin  on  the  growth  of  HER-2-overexpressing 
MCF-7  cells,  the  cells  were  cultivated  in  estrogen- 
primed  female  athymic  mice  for  14  days  and  then 
randomized  to  one  of  18  treatment  groups.  The  study 
design  is  outlined  in  Table  1.  Doses  of  antibody  were 
administered  as  indicated  in  the  Table  at  various  times 
before  or  after  cisplatin.  All  agents  were  given  as 


Table  1  Effect  of  order  of  administration  of  rhuMAb  HER-2  and 
cisplatin  on  growth  of  HER-2-overexpressing  human  breast  tumor 
xenografts  in  athymic  mice 


Groups 

Test  agents^ 

Injection  time^ 

Dose*^ 

I 

Control  IgG^ 

Day  14 

3 

2 

rhuMAb  HER-2 

Day  14 

3 

3 

rhuMAb  HER-2 

Day  15 

3 

4 

rhuMAb  HER-2 

Day  17 

3 

5 

rhuMAb  HER-2 

Day  19 

3 

6 

Control  IgG/Cisplatin^ 

Day  14 

0.5 

7 

Control  IgG/Cisplatin 

Day  15 

0.5 

8 

Control  IgG/Cisplatin 

Day  17 

0.5 

9 

Control  IgG/Cisplatin 

Day  19 

0.5 

10 

rhuMAb  HER-2/Cisplatin® 

Day  14/Day  14 

3/0.5 

11 

rhuMAb  HER-2/Cisplatin 

Day  14/Day  14  +  8  h 

3/0.5 

12 

rhuMAb  HER-2/Cisplatin 

Day  14/Day  15 

3/0.5 

13 

rhuMAb  HER-2/Cisplatin 

Day  14/Day  17 

3/0.5 

14 

rhuMAb  HER-2/Cisplatin 

Day  14/Day  19 

3/0.5 

15 

Cisplatin/rhuMAb  HER-2 

Day  14/Day  14  +  8  h 

0.5/3 

16 

Cisplatin/rhuMAb  HER-2 

Day  14/Day  15 

0.5/3 

17 

Cisplatin/rhuMAb  HER-2 

Day  14/Day  17 

0.5/3 

18 

Cisplatin/rhuMAb  HER-2 

Day  14/Day  19 

0.5/3 

^Five  mice  per  group.  Cells  were  grown  in  estrogen-primed  female 
athymic  mice  for  14  d  and  randomized  to  18  treatment  groups. 
‘^Order  of  injections  are  shown  when  both  test  agents  are  given. 
Doses  of  antibody  were  administered  as  indicated  at  various  times 
before  or  after  cisplatin.  ‘^Time  of  dosing  defined  here  from  date  of 
tumour  innoculation;  for  example,  day  14- day  1  for  injection  of  test 
agents.  ^Agent  given  as.  mg/kg  mouse  body  weight,  with  all  agents 
given  as  intraperitoneal  injections.  ‘^Nonspecific  human  IgGl. 
tontrol  IgG  dose  (3  mg/kg)  precedes  cisplatin  by  1  min.  ^Rhu- 
MAb  HER-2  dose  precedes  cisplatin  by  1  min 
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intraperitoneal  injections.  Tumor  nodules  were  mon¬ 
itored  to  day  21. 

The  effect  of  rhuMAb  HER-2  given  at  various  times 
before  or  after  cisplatin  on  breast  tumor  volume 
compared  to  control  groups  is  demonstrated  in  Figure 
5.  In  these  experiments,  rhuMAb  HER-2  was  given  at 
3  mg/kg,  and  cisplatin  was  used  at  a  dose  of  0.5  mg/kg. 

In  Figure  5a,  rhuMAb  HER-2  is  injected  on  days  1,  2, 

3  or  5,  with  the  antitumor  effect  compared  to  IgG 
control  given  at  day  1.  All  treatments  with  antibody 
alone  elicited  a  significant  growth  suppression  as 
compared  to  control  (P<0.05).  In  Figure  5b,  cisplatin 
at  0.5  mg/kg  is  administered  with  IgG  at  days  1,  2,  3  or 
5.  Therapy  with  cisplatin  on  the  several  days  tested 
also  blocked  tumor  formation  in  athymic  mice  as 
compared  to  the  IgG  control  group  (F<0.05). 

Several  different  combination  treatments  with  anti¬ 
body  and  drug  are  presented  in  Figure  5c  and  d.  As 
shown  in  Figure  5c,  rhuMAb  HER-2  is  given  on  day  1, 
with  cisplatin  administration  varying  from  day  1 
through  day  5.  Each  of  these  treatment  protocols 
promoted  significant  growth  suppression  as  compared 
to  the  IgG  control  group  (P<0.01).  With  the  exception 
of  Groups  13  and  14  (c.f.  Table  1)  in  which  cisplatin 
followed  antibody  by  3  to  5  days,  the  groups  exhibited 
significantly  more  tumor  growth  inhibition  than  mice 
treated  with  cisplatin  alone  (F<0.05).  The  final  set  of 
treatment  protocols  is  shown  in  Figure  5d  which 
presents  data  from  mice  given  cisplatin  on  day  1 , 
with  rhuMAb  HER-2  administration  varying  from  day 

1  through  day  5  (cf.  Table  1).  All  treatments  with 
cisplatin  followed  by  antibody  showed  a  significant 
antitumor  effect  compared  to  IgG  controls  (P<0.05); 
however,  cisplatin  followed  by  rhuMAb  HER-2  at  days 

2  to  5  did  not  elicit  greater  tumor  growth  suppression 
than  antibody  given  alone  on  corresponding  days 
(F>0.25).  Moreover,  administration  of  rhuMAb 
HER-2  at  1-4  days  after  cisplatin  (Groups  16-18) 
showed  less  antitumor  elficacy  than  those  regimens  in 
which  antireceptor  antibody  preceded  cisplatin 
(Groups  10-12;  F<0.05).  These  data  demonstrate 
that  the  order  of  antibody/cisplatin  administration  is 
critical  and  clearly  affects  the  magnitude  of  observed 
antitumor  responses  in  HER-2-overexpressing  human 
breast  cancer  xenografts. 

Effect  of  cyclic  therapy  with  cisplatin  and  rhuMAb 
HER-2  on  human  breast  tumor  growth  in  nude  mice 

To  evaluate  the  cytotoxic  efficacy  of  repeated  therapy 
with  rhuMAb  HER-2  in  combination  with  cisplatin  on 
the  growth  of  HER-2-overexpressing  MCF-7  cells,  cells 
were  cultivated  in  estrogen-primed  female  athymic  mice 
for  14  days  and  then  randomized  to  four  groups  for  three 
cycles  of  therapy.  Treatment  groups  included  human 
IgGl  control  at  30  mg/kg  (CON),  cisplatin  at  5  mg/kg 
with  human  IgGl  (DDP),  rhuMAb  HER-2  at  30  mg/kg 
(rhuMAb)  or  combined  cisplatin  /  rhuMAb.  (rhuMAb/ 

DDP)  therapy.  Doses  of  rhuMAb  HER-2  antibody  or 
IgGl  control  were  administered  in  divided  doses  on  days 
1,  5  and  9,  repeated  on  days  21,  25  and  29  and  once  again 
on  days  42,  46  and  50.  The  groups  treated  with  cisplatin 
received  a  single  injection  of  the  drug  immediately  after 
administration  of  the  antibody  or  IgGl.  All  agents  were 
given  as  intraperitoneal  injections,  and  tumor  nodules 
were  monitored  until  day  64. 
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Figure  5  Influence  of  order  of  administration  of  rhuMAb  HER-2  and  cisplatin  on  the  growth  of  human  MCF-7/HER-2  breast 
tumor  xenografts  in  nude  mice  over  21  days,  (a)  Mean  tumor  volumes  of  mice  treated  with  human  IgGl  on  day  1  as  compared  to 
therapy  with  rhuMAb  HER-2  on  days  1,  2,  3  or  5  (c.f.  Groups  1-5  in  Table  1.).  (b)  Mean  tumor  volumes  of  mice  treated  with 
human  IgGl  on  day  1  as  compared  to  therapy  with  cisplatin  on  days  1,  2,  3  or  5  (c.f.  Groups  1  and  6-9  in  Table  1.).  (c)  Mean 
tumor  volumes  of  mice  treated  with  human  IgGl  on  day  1  as  compared  to  therapy  with  rhuMAb  HER-2  on  day  1  followed  by 
cisplatin  on  days  1-5  (c.f.  Groups  1  and  10-14  in  Table  1.).  (d)  Mean  tumor  volumes  of  mice  treated  with  human  IgGl  on  day 
1  as  compared  to  therapy  with  cisplatin  on  day  1  followed  by  rhuMAb  HER-2  on  days  1-5  (c.f.  Groups  1  and  15-18  in  Table 
1.) 


Figure  6  shows  the  effect  of  repeated  doses  of 
rhuMAb  HER-2  with  or  without  cisplatin  on  tumor 
volume  compared  to  control  groups.  In  mice  receiving 
cisplatin  with  control  IgG  (DDP),  mean  tumor 
volumes  compared  to  control  (CON)  were  reduced 
over  the  9-week  treatment  period  (P<  0.001),  but  no 
complete  tumor  remissions  were  observed.  Tumors 
exposed  to  rhuMAb  HER-2  alone  (rhuMAb)  also 
showed  reduced  growth  (P<0.001)  as  compared  to 
controls  (CON),  but,  again,  no  complete  tumor 
remissions  were  obtained.  In  contrast,  combined 
drug/antibody  therapy  produced  a  marked  reduction 
in  tumor  volumes  compared  to  control  values 
(P<  0.001),  and  five  of  six  animals  receiving  both 
rhuMAb  HER-2  and  cisplatin  (rhuMAb/DDP)  had 
complete  tumor  remissions  after  2-3  cycles  of  therapy, 
with  a  partial  remission  occurring  in  the  remaining 
animal.  Effects  of  combined  drug-antibody  therapy 
were  significantly  different  from  those  found  with 


antibody  or  cisplatin  treatment  alone  (jP<  0.001). 
These  data  show  markedly  increased  cytotoxicity  of 
cisplatin  when  administered  with  rhuMAb  HER-2  and 
support  the  potential  clinical  utility  of  these  agents  in 
combination. 

Effect  of  cyclic  therapy  with  doxorubicin  and  rhuMAb 
HER-2  on  human  breast  tumor  growth  in  nude  mice 

Prior  work  has  shown  some  therapeutic  advantage  in 
the  treatment  of  human  tumors  with  anti-EGF 
receptor  antibodies  and  doxorubicin  (Aboud-Pirak  et 
al,  1989),  a  drug  commonly  used  in  the  treatment  of 
breast  cancer.  Although  anthracyclines  are  not 
generally  considered  to  be  DNA-damaging  agents, 
recent  work  suggests  these  agents  may  elicit  some 
indirect  covalent  modifications  of  DNA  in  mammary 
tissue  (Purewal  and  Liehr,  1993).  To  evaluate  the 
efficacy  of  therapy  with  rhuMAb  HER-2  in  combina- 
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Figure  6  Effect  of  cyclic  therapy  with  cisplatin  and  rhuMAb 
HER-2  on  growth  of  MCF-7/HER-2  breast  tumor  xenografts  in 
nude  mice  over  64  days.  Cells  were  cultivated  in  estrogen-primed 
female  nude  mice  for  7  days  and  then  randomized  to  four 
treatment  groups.  The  study  design  included  the  following  groups: 
human  IgGl  control  at  30  mg/kg  given  in  divided  doses  at  days  1, 
4  and  9,  and  then  repeated  on  days  21,  25  and  29  and  finally  on 
days  42,  46  and  50  (CON);  IgGl  and  cisplatin  at  5  mg/kg  given  as 
a  single  dose  on  days  1,  21  and  42  (DDF);  rhuMAb  HER-2  at 
30  mg/kg  given  in  divided  doses  at  days  1,  4  and  9,  and  then 
repeated  on  days  21,  25  and  29  and  finally  on  days  42,  46  and  50 
(rhuMAb);  and  cisplatin  combined  with  rhuMAb  HER-2 
(rhuMAb/DDP).  Those  groups  treated  with  cisplatin  received  a 
single  injection  of  the  drug  immediately  after  administration  of 
antibody  or  IgGl.  All  agents  were  given  as  rapid  intraperitoneal 
injections.  Tumor  nodules  were  monitored  until  day  64 


tion  with  doxorubicin  on  the  growth  of  HER-2- 
overexpressing  MCF-7  cells,  cells  were  cultivated  in 
estrogen-primed  female  athymic  mice  for  14  days  and 
then  randomized  to  four  groups  for  three  cycles  of 
therapy  as  above.  Treatment  groups  included  human 
IgGl  control  at  30  mg/kg  (CON)  doxorubicin  at  5  mg/ 
kg  with  human  IgGl  (DOXO),  rhuMAb  HER-2  at 
30  mg/kg  (rhuMAb)  or  combined  doxorubicin/  rhu¬ 
MAb  (rhuMAb/DOXO)  therapy.  Doses  of  antibody  or 
IgGl  indicated  above  were  administered  in  divided 
doses  on  days  1,  5  and  9  and  then  repeated  on  days  21, 
25  and  29  and  finally  on  days  42,  46  and  50.  Those 
groups  treated  with  doxorubicin  received  a  single 
injection  of  the  drug  immediately  after  administration 
of  the  rhuMAb  HER-2  antibody  or  control  IgGl.  All 
agents  were  given  as  intraperitoneal  injections.  Tumor 
nodules  were  monitored  to  day  64. 

Figure  7  shows  the  effect  of  repeated  doses  of 
rhuMAb  HER-2  with  or  without  doxorubicin  on 
tumor  volume  as  compared  to  control  groups.  Mice 
receiving  doxorubicin  with  control  IgG  (DOXO)  had 
mean  tumor  volumes  compared  to  control  (CON) 
which  were  significantly  reduced  over  the  9-week 
treatment  period  (P<0.01).  Again,  no  complete  tumor 
remissions  were  observed.  Tumors  exposed  to  rhuMAb 
HER-2  alone  (rhuMAb)  also  showed  reduced  growth 
(P  <0.001)  as  compared  to  controls  (CON),  but,  again 
none  achieved  complete  tumor  remissions.  In  contrast, 


Figure  7  Effect  of  cyclic  therapy  with  doxorubicin  and 
rhuMAb  HER-2  on  growth  of  MCF-7/HER-2  breast  tumor 
xenografts  in  nude  mice  over  64  days.  Cells  were  cultivated  in 
estrogen-primed  female  nude  mice  for  7  days  and  then 
randomized  to  four  treatment  groups.  The  study  design 
included  the  following  groups:  human  IgGl  control  at  30  mg/ 
kg  given  in  divided  doses  at  days  1,  4  and  9  and  then  repeated 
on  days  21,  25  and  29  and  finally  on  days  42,  46  and  50 
(CON);  IgGl  and  doxorubicin  at  5  mg/kg  given  as  a  single  dose 
on  days  1,  21  and  42  (DOXO);  rhuMAb  HER-2  at  30  mg/kg 
given  in  divided  doses  at  days  1,  4  and  9  and  then  repeated  on 
days  21,  25  and  29  and  finally  on  days  42,  46  and  50 
(rhuMAb);  and  doxorubicin  combined  with  rhuMAb  HER-2 
(rhuMAb/DOXO).  Those  groups  treated  with  doxorubicin 
received  a  single  injection  of  the  drug  immediately  after 
administration  of  antibody  or  IgGl.  All  agents  were  given  as 
rapid  intraperitoneal  injections.  Tumor  nodules  were  monitored 
until  day  64 


over  the  9-week  treatment  period,  the  combined  drug/ 
antibody  regimen  produced  a  marked  reduction  in 
tumor  volumes  compared  to  control  values  (P<  0.001), 
with  one  of  six  animals  receiving  this  combination 
(rhuMAb/DOXO)  achieving  a  complete  tumor  remis¬ 
sion  after  2-3  cycles  of  therapy,  with  partial 
remissions  occurring  in  the  remaining  animals.  Effects 
of  combined  drug-antibody  therapy  were  significantly 
different  from  those  found  with  antibody  treatment 
alone  (R<0.01).  Although  the  magnitude  of  the 
combined  doxorubicin-antibody  effect  is  less  than  that 
found  with  cisplatin-antibody  combinations  (compare 
with  Figure  6),  this  combination  does  provide  a 
therapeutic  advantage  over  treatment  with  either  agent 
alone. 

Ejfect  of  rhuMAb  HER-2  in  combination  with 
chemotherapeutic  drugs  on  unscheduled  DMA  synthesis 

After  demonstrating  a  clear  therapeutic  advantage  of 
the  combination  of  rhuMAb  HER-2  and  DNA-reactive 
drugs  in  HER-2-overexpressing  cells,  experiments  were 
designed  to  evaluate  possible  mechanisms  for  this 
phenomenon.  Previous  work  has  shown  that  the 
cellular  accumulation  of  cisplatin  within  cells  is  not 
affected  by  HER-2  antireceptor  antibody  in  breast 
cancer  cells  (32).  In  addition,  using  methods  previously 
described  (Andrews  et  al.,  1988),  we  find  no  significant 
effect  of  rhuMAb  HER-2  at  doses  up  to  100  jug/ml  on 
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accumulation  of  [‘"‘CJdoxorubicin  by  MCF-7/HER-2 
cells  over  2  h  (data  not  shown),  indicating  that  the 
therapeutic  advantage  found  with  this  combination 
also  does  not  occur  by  altered  cell  accumulation  of  the 
anthracycline. 

DNA  repair  is  well  known  to  play  an  important  role 
in  the  recovery  of  cells  from  the  toxicity  of  DNA- 
reactive  drugs  (Zhen  et  al,  1992;  Nielsen  et  aL,  1996), 
and  changes  in  cisplatin-induced  DNA  repair  have 
been  reported  to  occur  in  HER-2-overexpressing  cells 
after  treatment  with  antibodies  to  HER-2  receptor 
(Pietras  et  al.,  1994;  Arteaga  et  al,  1994).  To  further 
evaluate  the  role  of  DNA  repair  as  an  explanation  for 
the  therapeutic  advantage  of  antireceptor  antibody  and 
DNA-reactive  drugs,  we  measured  unscheduled  DNA 
synthesis  induced  by  cisplatin  and  doxorubicin  in 
MCF-7  cells  (Figure  8).  As  previously  reported, 
treatment  of  breast  cells  with  cisplatin  alone  elicits 
significant  increases  in  unscheduled  DNA  synthesis  as 
determined  by  thymidine  incorporation  into  DNA 
(Pietras  et  al.,  1994).  These  data  indicate  an  active 
DNA  repair  apparatus  in  MCF-7  parental,  control  and 
HER-2-overexpressing  cells  (P<0.01;  Figure  8).  Treat¬ 
ment  with  rhuMAb  HER-2,  however,  significantly 
blocks  this  cisplatin-induced  increase  in  DNA  synth¬ 
esis  in  MCF-7/HER-2  cells  (P<0.001),  but  does  not 
affect  DNA  repair  in  MCF-7  parental  or  control  cells 
(Figure  8). 

Although  anthracyclines  are  not  generally  consid¬ 
ered  to  be  DNA-damaging  agents,  recent  data  suggests 
these  agents  may  elicit  indirect  covalent  modifications 
of  DNA  in  mammary  tissue  (Purewal  and  Liehr,  1993; 
Nielsen  et  al.,  1996).  To  evaluate  the  potential  effect  of 
doxorubicin  on  DNA  repair  pathways,  unscheduled 
DNA  synthesis  after  doxorubicin  in  MCF-7  cells  was 
also  measured.  Treatment  of  the  breast  cells  with 
doxorubicin  alone  provoked  a  small,  but  measurable 
increase  in  unscheduled  DNA  synthesis  (P<0.01; 
Figure  8).  Treatment  with  rhuMAb  HER-2  again 
significantly  inhibits  this  doxorubicin-related  increase 
in  DNA  repair  in  MCF/HER-2  cells.  To  confirm  that 
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Figure  8  DNA  repair  (unscheduled  DNA  synthesis)  in  human 
MCF-7  breast  carcinoma  cells.  Unscheduled  DNA  synthesis 
(UDS)  was  determined  as  described  in  Materials  and  methods. 
UDS  was  measured  in  MCF-7  parental  (PAR),  control  (CON) 
and  HER-2-overexpressing  (HER-2)  cells  after  treatment  with 
control,  rhuMAb  HER-2  (200  ^g/ml),  cisplatin  (DDP;  5  juM), 
doxorubicin  (DOXO;  1  ^m),  5  cisplatin  in  combination  with 
200  ^g/ml  rhuMAb  HER-2  (DDP/rhuMAb),  or  1  doxorubicin 
in  combination  with  200  //g/ml  rhuMAb  HER-2  (DOXO/ 
rhuMAb).  Doses  selected  for  chemotherapeutic  drugs  were  based 
on  biologic  dose-response  data  from  preliminary  experiments  and 
from  prior  reports  (Sawyer  et  al.,  1988;  Pietras  et  ai,  1994;  Boven 
et  at.,  1996;  Kurbacher  et  al.,  1996) 


this  phenomenon  was  specifically  due  to  HER-2 
overexpression,  it  was  tested  in  non-HER-2-overex- 
pressing  cells,  i.e.  parental  and  control  MCF-7  cells. 
The  drug-related  effect  on  unscheduled  DNA  synthesis 
was  not  affected  by  antireceptor  antibody  in  these  cells, 
confirming  the  antibody  specificity,  interfering  with 
DNA  repair  only  in  those  cells  overexpressing  the 
HER-2  receptor. 


Ejfect  of  rhuMAb  HER-2  in  combination  with  cisplatin 
on  formation  and  repair  of  cisplatin-induced  DNA 
adducts  in  the  DNA  of  MCF-7  cells  with  HER-2 
overexpression 

Since  measures  of  unscheduled  DNA  synthesis 
provide  only  an  indirect  assessment  of  actual  DNA 
repair,  we  sought  to  obtain  direct  data  on  the 
formation  and  removal  of  cisplatin-induced  lesions 
in  total  genomic  DNA  of  human  breast  cancer  cells 
(Table  2).  MCF-7/HER-2  cells  were  treated  with 
200  juM  cisplatin  for  1  h  at  37°C,  washed  and  then 
harvested  at  0  or  20  h  after  the  initial  cisplatin 
treatment.  To  test  the  effect  of  antireceptor  antibody, 
cells  were  first  exposed  to  rhuMAb  HER-2  (100  pg/ 
ml)  or  control  solution  for  4  h  prior  to  cisplatin 
treatment.  After  cisplatin  exposure  and  cell  washing, 
rhuMAb  HER-2  was  maintained  in  the  culture 
medium  at  100  pg/m\  for  the  repair  times  indicated 
in  Table  2.  Table  2  shows  data  for  the  formation  and 
removal  of  cisplatin-DNA  adducts  from  the  genomic 
DNA  of  cells  treated  with  or  without  antireceptor 
antibody  in  three  separate  experiments.  Treatment  of 
HER-2-overexpressing  MCF-7  cells  with  rhuMAb 
HER-2  prior  to  cisplatin  promoted  a  significant 
reduction  in  the  extent  of  DNA  repair  to  61%  of 
that  found  in  cells  not  treated  with  the  antibody 
(P<0.05).  This  result  confirms  that  rhuMAb  HER-2 
antibody  is  effective  in  blocking  DNA  repair  of 
cisplatin-induced  DNA  adducts  in  human  breast 
cancer  cells  with  HER-2  overexpression. 


Ejfect  of  time  of  administration  of  HER-2  antireceptor 
antibody  on  repair  of  cisplatin-damaged  reporter  DNA  in 
human  breast  tumor  cells 

To  test  the  hypothesis  that  the  time  of  administration 
of  HER-2  antireceptor  antibody  may  be  critical  for 


Table  2  Effect  of  recombinant  humanized  antibody  to  HER-2  on 
formation  and  repair  of  cisplatin  adducts  in  the  genome  in  human 
MCF-7  breast  cancer  cells  with  overexpression  of  HER-2  receptor 


Therapy^ 

Repair 
time  (h) 

Cisplatin-adducts 
(fmollfig  DNA) 

%  repair 

Without  antibody 

0 

26.7  +  2.4 

20 

13.1+2.5 

51 

With  antibody 

0 

29.4+1.7 

20 

20.2+1.5 

31‘’ 

‘^Cells  were  treated  with  200  /zm  cisplatin  for  1  h  in  the  presence  of 
anti-HER-2  receptor  antibody  (rhuMAb  HER-2)  as  outlined  in  the 
text.  The  time  indicated  is  hours  elapsed  after  cisplatin  treatment.  Per 
cent  repair  was  estimated  in  three  independent  experiments  as 
described  elsewhere  (Pietras  et  al,  1994)  using  cisplatin  adduct 
counts  at  0  and  20  h  as  shown  here.  The  latter  counts  were  corrected 
for  DNA  replication  using  established  methods  (Jones  et  al.,  1991; 
Pietras  et  ai,  1994).  ^Significantly  different  from  control  at  P<0.05 
in  three  independent  experiments 
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blockade  of  DNA  repair,  a  CMV-driven  j^-galactosi- 
dase  reporter  plasmid  was  exposed  to  cisplatin  in 
vitro  and  then  transfected  into  MCF-7/HER-2  cells. 
At  24  h  after  transfection,  the  extent  of  repair  was 
assayed  by  measuring  reporter  DNA  expression  in 
MCF-7/HER-2  cells  that  were  incubated  with 
rhuMAb  HER--2  at  72  or  24  h  prior  to  or  at  the 
end  of  the  transfection  (0  h).  The  transfected  cells 
were  stained  with  5-bromo-4-chloro-3-indolyl-^-D- 
galactopyranoside,  a  substrate  for  /?-galactosidase,  to 
distinguish  jS-galactosidase-positive  and  -negative  cells. 
In  the  presence  of  substrate,  cells  expressing  bacterial 
j5-galactosidase  appeared  blue  and  the  percentage  of 
stained  cells  was  quantitated  (see  Figure  9).  These 
data  demonstrate  that,  as  in  the  in  vivo  experiments 
above,  antibody-modulated  repair  of  cisplatin-da- 
maged  DNA  is  optimal  when  drug  and  antibody 
are  administered  in  close  temporal  proximity.  The 
timing  of  antibody/cisplatin  administration  is  critical 
and  clearly  affects  the  magnitude  of  observed 
responses  in  HER-2-overexpressing  human  breast 
cancer  cells. 
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Antireceptor  antibodies  disrupt  regulation  of  plljWAFl 
expression  in  breast  cancer  cells  with  HER-2 
overexpression. 

The  CDK  inhibitor,  p21/WAFl,  is  a  critical  mediator 
of  the  cellular  response  to  DNA  damage.  We  have 
assessed  the  activity  of  p21/WAFl  in  response  to 
cisplatin-induced  DNA  damage  in  MCF-7/HER-2  cells 
in  the  presence  and  in  the  absence  of  rhuMAb  HER-2. 
Transcripts  of  p21/WAFl  were  assessed  by  Northern 
blot  analysis.  MCF-7/HER-2  cells  were  treated  with 
100  fig/ml  rhuMAb  HER-2  alone  or  in  combination 
with  cisplatin  treatment.  Paired  cells  were  treated  with 
control  solution  or  cisplatin  alone.  After  2  h  or  24  h, 
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Figure  9  Time  of  administration  of  HER-2  antireceptor  antibody 
affects  repair  of  cisplatin-damaged  reporter  DNA  in  human  breast 
cancer  cells.  CMV-driven  jS-galactosidase  reporter  plasmid  was 
exposed  to  cisplatin  in  vitro  and  then  transfected  into  MCF-7/ 
HER-2  cells.  At  24  h  after  transfection  was  completed,  the  extent 
of  repair  was  assayed  by  measuring  reporter  DNA  expression  in 
MCF-7/HER-2  cells  that  were  incubated  without  antibody  (CON) 
or  with  rhuMAb  HER-2  at  72  h  or  24  h  prior  to  transfection  or  at 
the  end  of  the  transfection  (0  h).  In  each  rhuMAb  HER-2  group, 
cells  were  incubated  with  antibody  for  2-h  periods  and  were  then 
washed  and  incubated  further  in  the  absence  of  antibody.  Reporter 
activity  is  presented  as  the  percentage  of  blue-stained  cells  in  the 
presence  of  5-bromo-4-chloro-3-indoIyl-^-D-galactopyranoside,  a 
substrate  for  ^-galactosidase 


Cn  Ab  Ab  POP  PPP  Ab/  Ab/ 

_ PPP  PPP 

24h  2h  24h  2h  24h  2h  24h 


Cn  Ab  PPP  Ab/  Cn  Ab  PPP  Ab/ 

_ PPP  PPP 

2h  24h 


PCNA 


Figure  10  Monoclonal  antibody  to  HER-2  growth  factor 
receptor  alters  p2l/WAFl  transcript  and  protein  levels  after 
cisplatin  treatment  of  human  breast  cancer  cells  with  HER-2 
overexpression.  After  2  h  or  24  h,  cells  were  processed  for 
preparation  of  RNA  or  protein  and  determination  of  p21/ 
WAFl  levels  by  established  methods,  (a)  MCF-7/CON  cells 
were  treated  with  control  solution  (Cn),  cisplatin  (DDP,  5  /im), 
lOOjug/ml  rhuMAb  HER-2  (Ab)  or  rhuMAb  HER-2  in 
combination  with  cisplatin  (Ab/DDP)  /  for  2  h  or  24  h  as 
indicated.  Cell  RNA  was  subjected  to  Northern  blot  analysis, 
with  hybridization  of  the  resulting  blot  with  p21/WAFl  cDNA. 
The  transcripts  are  predicted  to  be  2. 1  kb,  a  size  corresponding  to 
that  of  human  p21/WAFl  mRNA  (El-Deiry  et  al,  1993).  (b) 
MCF-7/HER-2  cells  were  treated  with  control  solution  (Cn), 
100  rhuMAb  HER-2  alone  (Ab),  cisplatin  (DDP,  5  nu),  or 
100  /ig/mi  rhuMAb  HER-2  in  combination  with  cisplatin  (Ab/ 
PPP),  ;,Cell  RNA  was  subjected  to  Northern  blot  analysis,  with 
hybridization  of  the  resulting  blot  with  p21/WAFl  cDNA.  (c) 
MCF-7/HER-2  cells  were  treated  with  control  solution  (Cn), 
100  jUg/ml  rhuMAb  HER-2  (Ab),  cisplatin  (DDP,  5  jiM)  or 
rhuMAb  HER-2  in  combination  with  cisplatin  (Ab/DDP)  for 
2  h  or  24  h  as  indicated.  On  Western  blotting  with  anti-p21/ 
WAFl  antibody,  p21/WAFl  was  found  to  occur  as  a  21-kd 
protein,  (d)  MCF-7/HER-2  cells  were  treated  with  control 
solution  (Cn),  lOO  /ig/ml  rhuMAb  HER-2  (Ab),  cisplatin  (DDP, 
5  fiu)  or  rhuMAb  HER-2  in  combination  with  cisplatin  (Ab/ 
DDP)  for  2  h  or  24  h  as  indicated.  On  Western  blotting  with  anti- 
PCNA  antibody,  proliferating  cell  nuclear  antigen  was  found  to 
occur  as  a  36  kd  protein.  See  text  for  additional  details 
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cells  were  processed  for  preparation  of  RNA  and 
determination  of  p21/WAFl  transcripts.  The  results 
show  induction  of  p21/WAFl  transcripts  at  2  h  and 
24  h  after  cisplatin  treatment  (Figure  10).  However, 
increased  levels  of  p21/WAFl  transcript  are  not 
sustained  in  MCF-7/HER-2  cells  exposed  to  cisplatin 
in  the  presence  of  rhuMAb  HER-2.  Although  the 
transcript  level  increases  at  2  h,  it  is  comparable  to 
control  levels  of  transcript  by  24  h  (Figure  10).  The 
level  of  p21/WAFl  at  24  h  is  markedly  less  than  the 
effect  of  cisplatin  given  without  antibody.  A  reduction 
in  the  basal  level  of  p21/WAFl  also  occurred  after 
24  h  exposure  to  antibody  alone  as  compared  with 
controls. 

Western  analyses  of  the  level  of  p21/WAFl  protein 
in  MCF-7/HER-2  cells  likewise  show  enhanced 
amounts  of  the  protein  at  2  h  and  24  h  after  cisplatin 
(Figure  10).  However,  as  found  in  Northern  studies, 
treatment  of  cells  with  antireceptor  antibody  elicits  a 
reduced  level  of  p21/WAFl  protein  under  basal 
conditions  and  blunts  the  anticipated  response  to 
chemotherapy  at  24  h,  as  compared  to  controls.  In 
contrast,  the  level  of  proliferating  cell  nuclear  antigen 
(PCNA)  is  unchanged  at  2  h  and  24  h  after  cisplatin 
with  or  without  rhuMAb  HER-2  treatment  (Figure 
10).  These  results  are  consistent  with  independent 
reports  on  depletion  of  p21/WAFl  after  withdrawal 
of  growth  factors  (Canman  et  ai,  1995)  and  suggest  an 
important  role  for  growth  factor  pathways  in 
modulating  the  activity  of  proteins  which  regulate 
DNA  repair. 


Discussion 

HER-2  growth  factor  receptors  which  are  over¬ 
expressed  in  approximately  one-third  of  human  breast 
and  ovarian  cancers  are  a  logical  target  for  the 
development  of  new  therapeutic  approaches  which 
exploit  the  alteration.  The  current  data  demonstrate 
that  a  recombinant  humanized  anti-HER-2  receptor 
monoclonal  antibody,  similar  to  the  murine  antibody 
4D5  from  which  it  was  derived  (Hudziak  et  al,  1989; 
Fendly  et  al,  1990),  inhibits  growth  of  HER-2- 
overexpressing  human  breast  and  ovarian  tumor 
xenografts  in  athymic  mice.  In  addition,  the  magni¬ 
tude  of  growth  inhibition  is  directly  related  to  dose  of 
rhuMAb  HER-2,  with  the  highest  dose  tested  showing 
a  10 -14-fold  decrease  in  tumor  size  compared  to 
control.  These  data  provide  strong  evidence  for  an  in 
vivo  antiproliferative  effect  of  rhuMAb  HER-2  in 
tumors  derived  from  cells  which  overexpress  HER-2 
protein.  In  addition,  they  are  consistent  with  the  initial 
observations  which  demonstrated  that  monoclonal 
antibodies  against  the  extracellular  domain  of  the 
HER-2  receptor  can  suppress  tumorigenesis  of  HER- 
2-transformed  NIH3T3  and  NR6  cells  (Drebin  et  aL, 
1988;  Chazin  et  al.,  1992)  as  well  as  inhibit  the  growth 
of  human  breast  carcinoma  cells  overexpressing  the 
HER-2  gene  product  in  vitro  (Hudziak  et  al,  1989). 
The  growth  inhibitory  effects  of  antibody  alone, 
however,  are  cytostatic,  with  tumor  growth  recurring 
after  discontinuation  of  antibody  administration. 

In  view  of  earlier  reports  by  Aboud-Pirak  et  al. 
(1988)  and  the  subsequent  studies  of  our  and  other 
laboratories  (Christen  et  al,  1991;  Hancock  et  al.. 


1991;  Shepard  et  al.,  1991;  Pietras  et  al.,  1994;  Arteaga 
et  al.,  1994;  Dixit  et  al,  1997)  indicating  potentiation 
of  tumor  cell  cytotoxic  effects  using  antireceptor 
antibody  and  chemotherapeutic  agents,  therapy  with 
antibody  in  combination  with  cisplatin  or  doxorubicin 
was  tested  in  the  current  study.  The  present  in  vivo  data 
confirm  the  considerable  potentiation  of  cisplatin 
cytotoxicity  and  some  potentiation  of  anthracycline 
cytotoxicity  by  combined  treatment  with  rhuMAb 
HER-2  in  human  breast  cancer  cells  which  over¬ 
express  the  HER-2  receptor.  The  effect  is  especially 
pronounced  when  multiple  cycles  of  combined  treat¬ 
ment  are  administered,  with  up  to  a  1000-fold 
therapeutic  difference  in  cisplatin/antibody  therapy 
and  a  200-fold  difference  in  doxorubicin/antibody 
therapy.  The  therapeutic  advantage  of  combined 
treatment  with  antibody  and  cisplatin  is  clearly 
evident  since  tumor  remissions  were  found  which 
could  not  be  achieved  when  either  agent  was 
administered  alone  at  sublethal  doses  (Berenbaum, 
1989;  Wampler  et  al,  1992).  Using  a  formal  median- 
effects  approach  (Chou  and  Talalay,  1984),  a  true 
synergistic  decrease  in  human  cancer  cell  growth  in 
vitro  and  in  vivo  by  combination  therapy  with  cisplatin 
and  the  anti-HER-2  antibody  has  been  shown  (Pietras 
et  al,  1994).  The  current  study  also  demonstrates  that 
timing  of  antireceptor  antibody  and  cisplatin  adminis¬ 
tration  is  critical  in  promoting  an  optimal  in  vivo 
antitumor  effect.  Treatment  with  cisplatin  and  rhuMAb 
HER-2  in  relatively  close  temporal  proximity  appears 
necessary  for  greatest  suppression  of  human  breast 
tumor  growth,  with  optimum  inhibition  occurring 
when  the  antibody  is  given  shortly  before  or 
simultaneously  with  cisplatin.  The  profound  antitumor 
toxicity  of  cisplatin  together  with  rhuMAb  HER-2 
administered  in  repeated  therapy  as  detailed  here 
supports  the  use  of  these  agents  in  combination  over 
multiple  courses. 

Although  the  molecular  consequences  of  cisplatin 
(Chu,  1994)  and  doxorubicin  (Sawyer  et  al,  1988; 
Purewal  and  Liehr,  1993;  Cutts  et  al,  1994;  Nielsen  et 
al,  1996)  therapy  and  antireceptor  antibody-receptor 
interactions  (Drebin  et  al,  1988;  Sarup  et  al,  1991; 
Scott  et  al,  1991)  are  incompletely  understood,  the 
present  evidence  is  consistent  with  independent  reports 
which  show  that  antibodies  to  the  HER-2  receptor  not 
only  elicit  growth  inhibition  on  their  own  (Drebin  et 
al,  1988;  Hudziak  et  al,  1989;  Chazin  et  al,  1992)  but 
can  modulate  the  sensitivity  to  DNA-reactive  drugs 
(Hancock  et  al,  1991;  Shepard  et  al,  1991;  Pietras  et 
al,  1994).  Doxorubicin  is  generally  considered  to  act  as 
a  DNA-intercalating  agent,  but  recent  reports  suggest 
that  anthracyclines  might  also  indirectly  promote 
covalent  modification  of  DNA  and  possibly  induce 
adduct  formation  (Sawyer  et  al,  1988;  Purewal  and 
Liehr,  1993;  Cutts  et  al,  1994).  Cisplatin  tends  to 
produce  intrastrand  adducts  and  interstrand  crosslinks 
in  DNA  and  also  evokes  changes  in  the  expression  and 
association  of  certain  sequence-specific  binding  pro¬ 
teins  with  damaged  DNA  (Chu,  1994).  Unlike 
doxorubicin,  however,  a  significant  role  of  DNA 
repair  has  been  well-established  in  the  recovery  of 
cells  from  the  toxicity  of  cisplatin  (Chu,  1994).  Cells 
which  incur  DNA  damage  exhibit  cell  cycle  delays,  and 
these  delays  are  considered  to  be  critical  to  allow  repair 
of  DNA  before  continuing  through  the  cell  cycle  to 
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mitosis  (Sorenson  e/  aL,  1990).  Miscommunication  in 
these  complex  signal  pathways,  perhaps  due  to 
antireceptor  antibody  or  to  inappropriate  ligand 
stimulation  (Kinzel  et  al.,  1990),  could  lead  to  lethal 
consequences  for  the  cell.  Similarly,  tyrosine  kinase 
inhibitors  which  preferentially  suppress  HER-2  kinase 
have  been  found  to  sensitize  HER-2-overexpressing 
lung  cancer  cells  to  anticancer  drugs  that  damage  DNA 
(Zhang  and  Hung,  1996;  Tsai  et  aL,  1996).  Another 
link  between  receptor  signal  transduction  pathways 
and  cisplatin  sensitivity  has  been  found  to  occur  on 
modulation  of  protein  kinase  C  activity  (Hofman  et  aL, 
1988;  Isonishi  et  aL,  1990),  an  enzyme  involved  in 
signal  transduction  to  the  nucleus  (Olson  et  aL,  1993). 
This  signal  pathway  is  known  to  be  down-regulated  by 
long  exposure  of  breast  cancer  cells  to  the  4D5  anti- 
HER-2  antibody  (Hancock  et  aL,  1991;  Sarup  et  aL, 
1991).  It  is  clear  that  further  mechanistic  study  of  this 
phenomenon  is  required  to  render  a  full  biologic 
explanation  for  growth  factor  receptor-chemotherapeu¬ 
tic  drug  interactions  and  the  in  vivo  schedule- 
dependency  of  this  effect. 

In  p21/WAFl-/-  cancer  cells,  p21/WAFl  defi¬ 
ciency  is  associated  with  a  prominent  defect  in  DNA 
repair  (McDonald  et  aL,  1996).  Although  induction  of 
the  cyclin-dependent  kinase  inhibitor,  p21/WAFl,  in 
response  to  DNA  damage  occurs  primarily  through  a 
transcriptional  mechanism  involving  the  tumor  sup¬ 
pressor  protein  p53  (El-Diery  et  aL,  1993),  recent  work 
suggests  that  growth  factors  may  provide  an  alternative 
pathway  for  regulation  of  p21/WAFl  expression.  In 
the  case  of  growth  factor  stimulatory  pathways, 
induction  of  p21/WAFl  appears  not  to  require  p53 
and  may  be  activated  instead  by  mitogen-activated 
protein  kinase  (Liu  et  aL,  1996).  Withdrawal  of  growth 
factors  in  vitro  has  also  been  associated  with  down- 
regulation  of  p21/WAFl  expression  and  with  enhanced 
cell  killing  in  response  to  DNA  damage.  The  present 
work  provides  further  evidence  that  the  growth  factor 
receptor,  HER-2,  can  modulate  DNA  damage  response 
pathways  in  breast  cancer  cells  (Pietras  et  aL,  1994; 
Arteaga  et  aL,  1994)  and  suggests  that  this  cross¬ 
communication  may  involve  modulation  of  p21/ 
WAFl.  Others  have  reported  recently  that  heregulin, 
a  natural  ligand  to  HER-2/HER-3  heterodimers, 
promotes  the  tyrosine  phosphorylation  of  HER-2 
receptor  and  the  increased  expression  of  p21/WAFl 
in  MCF-7  cells  with  HER-2  overexpression  (Bacus  et 
aL,  1996).  We  have  assessed  the  activity  of  p21/WAFl 
in  response  to  DNA  damage  in  MCF-7/HER-2  cells  in 
the  presence  and  in  the  absence  of  rhuMAb  HER-2 
antibody.  Transcripts  of  p21/WAFl  showed  significant 
induction  at  2  h  and  24  h  after  cisplatin  treatment. 
However,  increased  levels  of  p21/WAFl  transcript 
were  not  sustained  in  MCF-7/HER-2  cells  exposed  to 
chemotherapy  in  the  presence  of  rhuMAb  HER-2.  The 
level  of  p21/WAFl  at  24  h  is  less  than  the  effect  of 
cisplatin  given  without  antibody.  A  notable  reduction 
in  the  basal  level  of  p21/WAFl  also  occurred  after 
24  h  exposure  to  antibody  alone  as  compared  with 
controls.  These  results  and  independent  reports  on 
depletion  of  p21/WAFl  after  withdrawal  of  growth 
factors  (Canman  et  aL,  1995)  suggest  an  important  role 
for  growth  factor  pathways  in  modulating  the  activity 
of  proteins  which  regulate  DNA  repair  (Tsai  et  aL, 
1996).  Dysregulation  of  p21/WAFl  occurs  after 
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treatment  with  antireceptor  antibody,  and  this  event 
appears  to  adversely  influence  the  cell  response  to 
DNA  damage. 

Future  work  will  be  required  to  test  the  hypothesis 
that  mitogen-activated  protein  kinase  or  other  compo¬ 
nents  of  the  HER-2  signaling  pathway  (Tsai  et  aL, 

1996;  Lewis  et  aL,  1996;  Yen  et  aL,  1997)  play  a  role  in 
the  regulation  of  p21/WAFl.  On  binding  of  heregulin 
ligand,  transient  phosphorylation  of  HER-2  protein 
occurs,  and  this  promotes  downstream  activation  of 
MAP  kinase  (Marte  et  aL,  1995;  Reese  and  Slamon, 

1997).  In  contrast,  antibodies  to  HER-2  receptor 
generally  induce  prolonged  phosphorylation  and 
down-regulation  of  HER-2  protein  and  disrupt  the 
association  of  HER-2  with  HER-3  (Sarup  et  aL,  1991; 
Graus-Porta  et  aL,  1995;  Marte  et  aL,  1995;  Reese  and 
Slamon,  1997).  Some  anti-HER-2  receptor  antibodies 
act  as  partial  agonists  and  promote  weak  or  no 
activation  of  MAP  kinase.  As  anti-HER-2  antibodies, 
tyrosine  kinase  inhibitors  with  specificity  for  HER-2 
kinase  are  also  known  to  enhance  the  sensitivity  of 
HER-2-overexpressing  cancer  cells  to  DNA-damaging 
agents  (Aboud-Pirak  et  aL,  1989;  Tsai  et  aL,  1996). 
Although  the  activity  of  rhuMAb  HER-2  remains  to 
be  fully  characterized,  downstream  effects  of  HER-2 
stimulation,  such  as  activation  of  MAP  kinase,  are 
likely  to  be  affected  by  rhuMAb  HER-2. 

Significant  data  support  our  hypothesis  that  p21/ 

WAFl  may  play  a  vital  role  in  mediating  rhuMAb 
HER-2  effects  on  DNA  damage  pathways  in  the  breast 
cancer  cell.  However,  alterations  in  other  regulatory 
proteins,  including  p53,  MDM2  and  GADD45,  may 
also  contribute  to  the  process  observed  in  the  present 
work  (Kastan  et  aL,  1991;  Chen  et  aL,  1994;  Canman 
et  aL,  1995).  Nevertheless,  the  available  evidence 
suggests  that  pathways  of  DNA  replication,  DNA 
repair  and  DNA  degradation  may  have  common 
regulatory  elements,  with  the  final  outcome  at  a 
cellular  level  dependent  on  the  extent  of  DNA  damage 
(Wu  and  El-Deiry,  1996).  Growth  factor  receptors  are 
likely  to  play  a  significant  regulatory  role  in  this 
process,  and  manipulation  of  this  pathway  in  the  clinic 
with  rhuMAb  HER-2  may  provide  therapeutic  benefit 
to  patients  with  HER-2-overexpressing  breast  cancer. 

A  further  aspect  of  the  present  findings  is  the 
possibility  that  HER-2  overexpression  is  linked  to 
genesis  of  resistance  to  chemotherapeutic  agents. 
Development  of  the  drug-resistant,  metastatic  pheno¬ 
type  is  responsible  for  the  bulk  of  treatment  failures  in 
breast  cancer  (Harris  et  aL,  1992),  and  involvement  of 
oncogenes  in  drug  resistance  was  proposed  by  Scanlon 
et  aL  (1989).  Further  evidence  in  support  of  this 
hypothesis  has  been  published  (Isonishi  et  aL,  1991; 

Benz  et  aL,  1993).  The  potential  role  of  HER-2  proto¬ 
oncogenes  in  modulation  of  chemotherapeutic  drug 
sensitivity  has  been  suggested  from  retrospective 
analysis  of  results  of  several  therapeutic  clinical  studies 
(Allred  et  aL,  1992;  Gusterson  et  aL,  1992;  Muss  et  aL, 

1994)  and  from  limited  laboratory  studies  (Benz  et  aL, 

1993;  Tsai  et  aL,  1993).  If  correct,  these  findings  could 
have  important  implications  in  patient  management 
and  treatment  decisions.  Assessment  of  HER-2 
receptor  overexpression  already  provides  additional 
prognostic  information  in  patients  with  both  node¬ 
positive  (Slamon  et  aL,  1987;  1989a;  Van  Diest  et  aL, 

1992)  and  node-negative  (Ro  et  aL,  1989;  Press  et  aL, 
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1993;  Seshadri  et  al,  1993)  breast  cancer.  Clues  for  the 
influence  of  HER-2  signaling  pathways  on  chemother¬ 
apeutic  drug  resistance  require  extension  of  clinical  and 
laboratory  investigations  similar  to  those  already 
reported  (Benz  et  al,  1993;  Tsai  et  aL,  1993;  Pegram 
et  al.,  1997). 

Treatment  of  human  cancers  requires  new  ap¬ 
proaches  designed  to  minimize  toxicity  to  normal  cells 
and  maximize  damage  to  tumor  targets.  Therapy 
directed  at  specific  alterations  unique  to  the  tumor 
cell  should  prove  more  rational,  less  toxic  and 
potentially  more  therapeutic.  Remission  of  human 
HER-2-overexpressing  breast  tumors  in  nude  mice 
after  combined  therapy  with  cisplatin  and  rhuMAb 
HER-2  offers  the  potential  to  achieve  such  a  goal.  This 
phenomenon,  which  we  have  termed  receptor-enhanced 
chemosensitivity  (REC;  Pietras  et  al,  1994)  has  already 
been  implemented  in  ongoing  phase  II -III  clinical 
combination  chemotherapy  trials  in  human  subjects 
(Pegram  et  al,  1995).  The  potential  specificity  of  the 
therapeutic  use  of  anti-HER-2  antibodies  to  alter  DNA 
repair  in  such  a  way  as  to  specifically  render  HER-2 
overexpressing  cells  more  sensitive  to  certain  drugs  is 
bolstered  by  the  present  findings  and  by  independent 
reports  showing  little  to  no  reactivity  of  such 
antibodies  with  most  normal  or  non-overexpressing 
cells  (Press  et  al,  1990;  Pietras  et  al,  1994).  This 
should  allow  us  to  exploit  the  overexpression  of  the 
HER-2  gene  in  many  breast  and  ovarian  cancers  to 
develop  new  and  more  rational  approaches  to  the 
therapy  of  these  diseases.  In  view  of  some  of  the 
potential  obstacles  and  costs  to  long-term  monoclonal 
antibody  therapies  in  human  cancer,  an  alternative 
therapeutic  use  of  antireceptor  antibodies  may  be  in 
combination  with  cytotoxic  agents  to  achieve  optimal 
cytocidal  effects  rather  than  cytostasis. 


Materials  and  methods 

Cell  lines  and  cell  culture 

The  well-characterized  human  breast  carcinoma  cell  line, 
MCF-7,  and  the  human  ovarian  carcinoma  cell  line 
designated  CAOV3  were  obtained  from  American  Type 
Culture  Collection  (Rockville,  MD).  All  cells  were  cultured 
in  RPMI  1640  medium  supplemented  with  10%  heat- 
inactivated  fetal  bovine  serum,  2  mM  freshly  added 
glutamine  and  1%  penicillin  G-streptomycin-fungizone 
solution  (Irvine  Scientific,  Santa  Ana,  CA). 

Transfections  and  amplificationl overexpression  of  human 
HER-2  gene  in  human  cells 

Human  ovarian  CAOV3  and  breast  MCF-7  carcinoma  cells 
with  normal  levels  of  HER-2  gene  expression  were 
transfected  with  full-length  cDNA  of  the  human  HER-2 
gene.  The  latter  was  cloned  from  a  primary  human  breast 
cancer  specimen  and  characterized  previously  in  our 
laboratory  (Slamon  et  al,  1987,  1989b;  Chazin  et  al, 
1992).  The  vector  for  introduction  of  HER-2  gene  into 
human  cells  contained  the  full-length  human  HER-2  gene 
coding  sequence  ligated  into  the  replication-defective 
retroviral  expression  vector,  pLXSN  (Miller  and  Rosman, 
1989;  Chazin  et  al,  1992).  This  was  achieved  by  ligating  a 
3.8  kb  Nco\  to  M^rll  fragment  containing  the  full  HER-2 
coding  sequence,  without  the  polyadenylation  signal,  into 
an  amphotrophic  retroviral  expression  vector  with  a 
Moloney  murine  leukemia  virus  (MMLV)  promoter,  a 


neomycin  phosphotransferase  gene  and  a  packaging  signal, 
but  devoid  of  viral  protein  coding  sequences;  thus 
rendering  the  virus  replication-defective.  The  pLXSN 
construct  has  an  extended  packaging  signal  for  high  virus 
titre  as  well  as  a  mutated  gag  start  codon  and  a  shortened 
envelope  region  to  decrease  the  risk  of  helper  virus 
generation  (Miller  and  Rosman,  1989;  Chazin  et  al, 
1992).  Virus-producing  cells  were  prepared  by  a  transient 
rescue  procedure  as  described  before  (Miller  and  Rosman, 
1989;  Chazin  et  al,  1992).  As  noted  above,  this  vector  also 
contains  a  neomycin  resistance  gene  (neomycin  phospho¬ 
transferase)  which  confers  cellular  resistance  to  the 
aminoglycoside  antibiotic  G418,  thus  allowing  selection 
of  primary  infectants.  The  pLXSN  vector  devoid  of  HER-2 
sequences  (designated  CON)  but  containing  the  neomycin 
phosphotransferase  gene  was  packaged  in  an  identical 
fashion  and  served  as  a  retroviral  control  in  appropriate 
experiments.  Ovarian  and  breast  carcinoma  cells  were 
infected  as  previously  described  (Chazin  et  al,  1992).  Cell 
lines  established  by  this  method  of  gene  transfer  were 
characterized  at  the  DNA,  RNA,  protein  and  immunohis- 
tochemical  level  for  copy  number  and  expression  level  of 
HER-2  gene  as  reported  elsewhere  (Slamon  et  al,  1987; 
Chazin  et  al,  1992). 


Tumor  formation  in  nude  mice 

Breast  and  ovarian  cells  were  injected  subcutaneously  at 
4-5x10^  cells/animal  in  the  mid-back  region  of  female 
athymic  mice  (20-25  gm).  Mice  from  an  inbred  Swiss  nude 
strain  and  from  an  outbred  CDl  nu/nu  strain  (Charles 
River,  Cambridge,  MA)  were  used.  Mice  were  maintained 
and  handled  under  aseptic  conditions.  Animals  were 
allowed  free  access  to  food  and  water  throughout  the 
study.  Prior  to  tumor  cell  innoculation,  all  mice  were 
primed  for  7  days  with  17j5-estradiol  introduced  subcuta¬ 
neously  in  a  biodegradable  carrier-binder  (1.7  mg  estradiol/ 
pellet;  Innovative  Research  of  America,  Inc.).  A  period  of 
7  to  14  days  elapsed  to  allow  formation  of  tumor  nodules. 
Animals  were  then  randomized  into  uniform  groups  based 
on  animal  weight  and  tumor  volume  at  the  start  of  the 
experiment.  Animals  (5-7  mice/group)  were  treated  via  i.p. 
injection.  Animals  received  either  an  isotype-matched  IgGl 
control  antibody,  the  murine  4D5  antibody,  the  rhuMAb 
4D5  HER-2  antibody,  cisplatin  (DDP,  cis-diammine- 
dichloroplatinum(II);  Bristol-Meyers,  Squibb),  doxorubi¬ 
cin  or  a  combination  treatment  of  the  above  as  designated 
in  the  results  section.  Tumor  nodules  were  monitored  by 
micrometer  measurements,  with  tumor  volume  calculated 
as  the  product  of  length  x  width  x  height.  Tumor  tissue  was 
analysed  for  HER-2  receptor  expression  by  established 
immunohistochemical  methods  (Slamon  et  al,  1987; 
Chazin  et  al,  1992), 


Monoclonal  antibodies 

Anti-HER-2  receptor  monoclonal  antibody  4D5  (2.5  mg/ 
ml;  Lot  No.G088AL/S9839AX)  was  prepared  as  previously 
described  (Fendly  et  al,  1990).  Methods  for  construction 
of  a  humanized  form  of  4D5  containing  only  the  antigen¬ 
binding  loops  from  murine  4D5  and  human  variable  region 
framework  residues  plus  IgGl  constant  domains  (rhuMAb 
HER2  at  5.15  mg/ml;  Lot  No.GN1450/M3-RD168)  were 
reported  elsewhere  (Carter  et  al,  1992).  Human  IgGl 
(5.3  mg/ml)  was  used  as  control  solution  in  appropriate 
experiments.  Our  choices  for  dose  and  schedule  of  therapy 
were  based  on  results  of  prior  pharmacokinetic  studies 
using  murine  monoclonal  antibody  4D5  and  rhuMAb 
HER-2  (Maneval  et  aL,  1991;  DeSantes  et  al,  1992; 
Pietras  et  al,  1994).  These  data  showed  that  measures  of 
serum  clearance  and  permanence  times  in  serum  are  similar 
for  the  humanized  and  native  murine  monoclonal 
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antibodies.  Maintenance  of  a  serum  antibody  concentra¬ 
tion  in  the  range  of  10  fig/m\  required  a  dose  of  >2  mg/kg 
mouse  body  weight  given  every  4  days.  Although  time 
variant  processes  such  as  production  of  an  antiglobulin 
response  (mouse  anti-human  antibody)  can  occur  in  these 
systems,  this  effect  has  not  been  observed  in  studies  with 
the  rhuMAb  HER-2  antibody.  In  athymic  mice  receiving 
twice-weekly  i.p.  doses  of  humanized  antibody  for  7  weeks, 
no  enhanced  immune  clearance  of  humanized  HER-2 
antibody  and  no  anti-humanized  MAb  antibodies  have 
been  measured  in  athymic  mouse  serum  samples.  Athymic 
mice  were  randomized  to  receive  low  (1-3  mg/kg/dose)  or 
high  (10- 100  mg/kg/dose)  doses  of  rhuMAb  HER-2. 
Equal  volumes  of  the  agents  were  given. 

Unscheduled  DNA  synthesis 

Unscheduled  DNA  synthesis,  DNA  repair  which  is 
nonsemiconservative  in  nature,  was  determined  by  estab¬ 
lished  methods  (Pietras  et  al.,  1994).  Cell  monolayers  were 
preincubated  with  or  without  antibody  in  arginine- 
deficient,  reduced  serum  (0.5%)  media  for  5  h,  followed 
by  exposure  to  hyroxyurea  for  1  h.  Cells  were  then  treated 
with  cisplatin  or  doxorubicin  (in  the  presence  of  hydro¬ 
xyurea)  for  1  h  and  finally  incubated  with  pHJthymidine 
and  hydroxyurea  for  3  h.  Cell  groups  were  harvested,  and 
cellular  DNA  was  bound  to  glass  fiber  filters  and  collected 
for  liquid  scintillation  counting  of  PH]thymidine  incor¬ 
poration/group. 

Detection  of  genomic  cisplatin  adducts 

Cells  were  cultivated  in  vitro  to  60-70%  confluence.  For 
12  h  prior  to  the  start  of  the  experiment,  cells  were  labeled 
with  ^H-thymidine  at  0.1  /^Ci/ml  in  order  to  provide  a 
correction  factor  for  any  cellular  replication  during  the 
course  of  the  experiment  (Jones  et  al.,  1991;  Pietras  et  al., 
1994).  Thereafter,  cells  were  incubated  in  fresh  medium 
with  rhuMAb  HER-2  at  200  jigjmX  or  control  solution  for 
4  h.  The  cells  were  then  exposed  to  200  cisplatin 
(freshly  made)  for  1  h,  washed  in  cisplatin-free  media  and 
harvested  at  0  and  20  h  after  the  cisplatin  treatment.  Cells 
treated  with  or  without  rhuMAb  HER-2  were  maintained 
in  the  same  media  after  removal  of  the  drug.  Harvested 
cells  were  pelleted  and  stored  at  —  20°C  until  DNA 
isolation.  DNA  was  isolated  and  prepared  as  described 
before  (Pietras  et  al.,  1994).  Total  platinum  content  was 
assessed  by  atomic  absorption  spectrometry  using  a  Perkin- 
Elmer  Zeeman  spectrometer  (Zhen  et  al.,  1992). 

In  vivo  repair  of  reporter  DNA  damaged  by  cisplatin 

Introduction  of  cisplatin-damaged  reporter  DNA  into 
breast  tumor  cells  was  carried  out  by  established  methods. 
Prior  to  transfection,  CMV-driven  )?-galactosidase  (pCMV- 
P;  Clontech),  a  reporter  DNA,  was  prepared  without  or 
with  exposure  to  cisplatin  in  vitro  as  before  (McDonald  et 
al.,  1996).  For  transfection  experiments,  cells  were  plated 
72  h  prior  to  transfection,  and  transfections  with  internal 
controls  for  transfection  efficiency  were  carried  out  as 
described  previously  (McDonald  et  al.,  1996).  In  these 
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transfection  experiments,  1.5  pg  undamaged  or  cisplatin- 
damaged  DNA  was  used.  At  24  h  after  transfection,  the 
extent  of  repair  was  assayed  by  measuring  reporter  DNA 
expression.  The  transfected  cells  were  stained  with  5-bromo- 
4-chloro-3-indolyl-j5-D-galactopyranoside,  a  substrate  for 
j?-galactosidase,  to  distinguish  j^-galactosidase-positive  and 
-negative  cells.  In  the  presence  of  substrate,  cells  expressing 
bacterial  ^-galactosidase  appeared  blue  and  the  percentage 
of  stained  cells  was  quantitated. 


Transcripts  of  p21/WAFl  were  determined  by  Northern 
blot  analysis,  using  a  protocol  as  before  (Slamon  et  al., 
1987;  1989a;  El-Diery  et  al.,  1993;  Pietras  et  al.,  1995).  In 
brief,  breast  cancer  cells  with  and  without  HER-2 
overexpression  were  treated  with  or  without  rhuMAb 
HER-2  for  4  h  before  exposure  to  chemotherapy.  Cells 
were  then  maintained  for  2  h  and  24  h  prior  to  harvesting 
and  processing  for  collection  of  RNA.  After  Northern  blot 
analysis,  the  resulting  blots  were  hybridized  with  p21/ 
WAFl  cDNA  (generously  provided  by  Dr  Bert  Vogel- 
stein). 

Western  analyses  of  the  level  of  p21/WAFl  protein  in 
breast  cancer  cells  were  conducted  with  methods  as  before 
(Pietras  et  al.,  1995).  We  assessed  p21/WAFl  protein  in 
response  to  DNA  damage  in  breast  cancer  cells  in  the 
presence  and  in  the  absence  of  growth  factor  receptor 
antibody.  Breast  cancer  cells  with  and  without  HER-2 
overexpression  were  treated  with  100  pgjmX  rhuMAb  HER- 
2  for  4  h  before  exposure  to  cisplatin.  Cells  were  then 
maintained  for  2  h  and  24  h  prior  to  harvesting  and 
processing  of  cell  lysates  for  electrophoresis  (Pietras  et  al, 
1995).  Immunoblotting  was  done  with  monoclonal  antibody 
6B6  with  specificity  for  human  p21/WAFl  (Pharmingen).  In 
other  studies,  immunoblotting  was  also  done  with  mono¬ 
clonal  antibody  to  proliferating  cell  nuclear  antigen  (PCNA; 
Santa  Cruz  Biotechnology). 


Analysis  of  variance  (ANOVA)  was  conducted  on  tumor 
size  data  at  each  time  point.  In  each  group,  only  data  from 
animals  surviving  through  day  21  were  included  in 
statistical  assessments.  Average  tumor  size  in  each  treated 
group  was  compared  to  that  in  the  appropriate  control 
group  via  a  two-tailed  r-test  using  the  pooled  error 
variance  from  the  ANOVA  (Campbell,  1976). 

Acknowledgements 

We  thank  Lillian  Ramos,  Jeffrey  Sulman,  Nancy  Wongvi- 
pat  and  Raul  Ayala  for  their  expert  technical  assistance 
and  Dr  Bert  Vogelstein  for  generously  providing  p21/ 
WAFl  cDNA  for  use  in  these  studies.  This  work  was 
supported  by  a  Stop  Cancer  Award  (RJP);  National 
Cancer  Institute  Award  R01-CA60835  (RJP),  ROl- 
CA36827  (DJS),  and  P01-CA32737  (MDP  DJS);  US  Army 
MRMC  DAMD17-94-J4370  (RJP),  and  DAMD17-94- 
J4118  (DJS);  and  funds  from  the  Revlon/UCLA  Women’s 
Cancer  Research  Center  (DJS) 


Allred  DC,  Clark  GM,  Tandon  AK,  Molina  R,  Tormey  DC, 
Osborne  CK,  Gilchrist  KW,  Mansour  EG,  Abeloff  M, 
Eudey  L  and  McGuire  WL.  (1992).  J.  Clin.  Oncol.,  10, 
599-605. 


Statistical  analyses 


Measurement  of  p2 II  WAFl  transcript  and  protein  levels 


Human  cancer  therapy  with  antibody  to  HER-2  receptor 

RJ  Pietras  et  al 


2248 

Andrews  PA,  Velury  S,  Mann  SC  and  Howell  SB.  (1988). 
Cancer  Res.,  48,  68-73. 

Arteaga  CL,  Winnier  AR,  Poirier  MC,  Lopez-Larraza  DM, 
Shawver  LK,  Hurd  SD  and  Stewart  SJ.  (1994).  Cancer 
Res.,  54,  3758-3765. 

Bacus  SS,  Yarden  Y,  Oren  M,  Chin  DM,  Lyass  L,  Zelnick 
CR,  Kazarov  A,  Toyofuku  W,  Gray-Bablin  J,  Beerli  RR, 
Hynes  NE,  Nikiforov  M,  Haffner  R,  Gudkov  A  and 
Keyomarsi  K.  (1996).  Oncogene,  12,  2535-2547. 

Bargmann  Cl,  Hung  MC  and  Weinberg  RA.  (1986).  Cell,  45, 
649-657. 

Benz  C,  Scott  G,  Sarup  J,  Johnson  R,  Tripathy  D,  Coronado 
E,  Shepard  H  and  Osborne  C.  (1993).  Breast  Cancer  Res. 
Treatment,  24,  85-95. 

Berenbaum  MC.  (1989).  Pharmacol.  Rev.,  19,  93-138. 

Boven  E,  deJong  J,  Kuiper  C,  Bast  A  and  van  der  Vijgh  W. 
(1996).  Eur.  J.  Cancer,  32A,  1382-1387. 

Campbell  RC.  (1976).  Statistics  for  Biologists.  University 
Printing  House,  Cambridge. 

Canman  CE,  Gilmer  TM,  Coutts  S  and  Kastan  M.  (1995). 
Genes  &  Development,  9,  600-61 1. 

Carter  P,  Presta  L,  Gorman  CM,  Ridgway  JBB,  Henner  D, 
Wong  WET,  Rowland  AM,  Knotts  C,  Carver  ME  and 
Shepard  HM.  (1992).  Proc.  Natl.  Acad.  Sci.  USA,  89, 
4285-4289. 

Chazin  VR,  Kaleko  M,  Miller  AD  and  Slamon  DJ.  (1992). 
Oncogene,  7,  1859-1866. 

Chen  C,  Oliner  J,  Zhan  Q,  Fornace  A,  Vogelstein  B  and 
Kastan  M.  (1994).  Proc.  Natl.  Acad.  Sci.  USA,  91,  2684- 
2688. 

Chou  T-C  and  Talalay  P.  (1984).  Adv.  Enz.  Reg.,  22,  27-43. 

Christen  RD,  Horn  DK,  Porter  DC,  Andrews  PA,  MacLeod 
CL,  Hafstrom  L  and  Howell  SB.  (1991).  J.  Clin.  Invest., 
86,  1632-1640. 

Chu  G.  (1994).  J.  Biol.  Chem.,  269,  787-790. 

Coussens  L,  Yang-Feng  TC,  Liao  YC,  Chen  E,  Gray  A, 
McGrath  J,  Seeburg  PH,  Lieberman  TA,  Schlessinger  J, 
Francke  U,  Levinson  A  and  Ullrich  A.  (1985).  Science, 
230,  1132-1139. 

Cutts  SM,  Parsons  PG,  Sturm  RA  and  Phillips  DR.  (1994). 
J.  Biol.  Chem.,  271,  5422-5429. 

DeSantes  K,  Slamon  DJ,  Anderson  S,  Shepard  M,  Fendly  B, 
Maneval  D  and  Press  O.  (1992).  Cancer  Res.,  52,  1916- 
1923. 

DiFiore  P,  Pierce  J,  Kraus  MH,  Segatto  O,  King  CR  and 
Aaronson  SA.  (1987).  Science,  237,  178-181. 

Dixit  M,  Yang  JL,  Poirier  MC,  Price  JO,  Andrews  PA  and 
Arteaga  CL.  (1997).  J.  Natl.  Cancer  Inst.,  89,  365-373. 

Drebin  JA,  Link  VC  and  Greene  MI.  (1988).  Oncogene,  2, 
387-394. 

El-Diery  W,  Tokino  T,  Velculescu  V,  Levy  D,  Parsons  R, 
Trent  J,  Lin  D,  Mercer  W,  Kinzler  K  and  Vogelstein  B. 
(1993).  Cell,  75,  817-825. 

Fendly  BM,  Winget  M,  Hudziak  RM,  Lipari  MT,  Napier 
MA  and  Ullrich  A.  (1990).  Cancer  Res.,  50,  1550-1558. 

Graus-Porta  D,  Beerli  R  and  Hynes  N.  (1995).  Mol.  Cell. 
Biol.,  15,  1182-1191. 

Gusterson  BA,  Gelber  RD,  Goldhirsch  A,  Price  KN,  Save- 
Soderborgh  J,  Anbazhagan  R,  Styles  J,  Rudenstam  C-M, 
Golouh  R,  Reed  R,  Martinez-Tello  F,  Tiltman  A, 
Torhorst  J,  Grigolato  P,  Bettelheim  R,  Neville  AM, 
Burki  K,  Castiglione  M,  Collins  J,  Lindtner  J  and  Senn 
H-J.  (1992).  J.  Clin.  Oncol.,  10,  1049-1056. 

Hancock  MC,  Langton  BC,  Chan  T,  Toy  P,  Monahan  JJ, 
Mischak  RP  and  Shawver  LK.  (1991).  Cancer  Res.,  51, 
4575-4580. 

Harris  J,  Lippman  M,  Veronesi  U  and  Willett  W.  (1992).  N. 
Engl.  J.  Med.,  327,  473-480. 

Hudziak  RM,  Lewis  GD,  Winget  M,  Fendly  BM,  Shepard 
HM  and  Ullrich  A.  (1989).  Mol.  Cell.  Biol.,  9,  1165-1 172. 

Hudziak  RM,  Schlessinger  J  and  Ullrich  A.  (1987).  Proc. 
Natl.  Acad.  Sci.  USA,  84,  7159-7163. 


Hofman  J,  Doppler  W,  Jakob  A,  Maly  K,  Posch  L,  Uberall  F 
and  Grunicke  H.  (1988).  Int.  J.  Cancer,  42,  382-388. 
Isonishi  S,  Andrews  P  and  Howell  S.  (1990).  J.  Biol.  Chem., 
265,  3623-3627. 

Isonishi  S,  Horn  DK,  Thiebaut  FB,  Mann  SC,  Andrews  PA, 
Basu  A,  Lazo  JS,  Eastman  A  and  Howell  SB.  (1991). 
Cancer  Res.,  51,  5903-5909. 

Jensen  L  and  Linn  S.  (1988).  Mol.  Cell.  Biol.,  8,  3964-3969. 
Jones  JC,  Zhen  W,  Reed  E,  Parker  RJ,  Sancar  A  and  Bohr 
VA.  (1991).  J.  Biol.  Chem.,  266,  7101-7107. 

Kastan  M,  Onyekwere  O,  Sidransky  D,  Vogelstein  B  and 
Craig  R.  (1991).  Cancer  Res.,  51,  6304-6311. 

Kinzel  V,  Kaszkin  M,  Blume  A  and  Richards  J.  (1990). 
Cancer  Res.,  7932-7936. 

Kraus  MH,  Popescu  NC,  Amsbaugh  SC  and  King  CR. 

(1987).  EMBO  J.,  6,  605-610. 

Kurbacher  CM,  Wagner  U,  Kolster  B,  Andreotti  PE,  Krebs 
D  and  Bruckner  HW.  (1996).  Cancer  Letters,  103,  183- 
189. 

Lemoine  NR,  Staddon  S,  Dickson  C,  Barnes  DM  and 
Guliick  WJ.  (1990).  Oncogene,  5,  237-239. 

Lewis  G,  Lofgren  J,  McMurtrey  A,  Nuijens  A,  Fendly  B, 
Bauer  K  and  Sliwkowski  M.  (1996).  Cancer  Res.,  56, 
1457-1465. 

Liu  Y,  Martindale  J,  Gorospe  M  and  Holbrook  N.  (1996). 
Cancer  Res.,  56,  31-35. 

Lofts  FJ  and  Guliick  WJ.  (1992).  Cancer  Treatment  and  Res., 
61,  161-179. 

Maneval  D,  Mordenti  J,  Hutchins  B,  Scates  S,  Hansen  S, 
Keith  D,  Kotts  C,  Fletcher  B,  Fendly  B,  Blank  G, 
Venerlein  D,  Slamon  D,  Shepard  M  and  Green  J.  (1991). 
J.  Nucl.  Med.,  32,  1837-1842. 

Marte  B,  Graus-Porta  D,  Jeschke  M,  Fabbro  D,  Hynes  N 
and  Taverna  D.  (1995).  Oncogene,  10,  167-175. 
McDonald  III  ER,  Wu  GS,  Waldman  T  and  El-Deiry  WS. 

(1996).  Cancer  Res.,  56,  2250-2255. 

Mendelsohn  J  and  Fan  Z.  (1997).  J.  Natl.  Cancer  Inst.,  89, 
341-343. 

Miller  AD  and  Rosman  GJ.  (1989).  Biotechniques,  7,  980- 
990. 

Muss  HB,  Thor  AD,  Berry  DA,  Kute  T,  Liu  ET,  Koerner  F, 
Cirrincione  CT,  Budman  DR,  Wood  WC,  Barcos  M  and 
Henderson  IC.  (1994).  N.  Engl.  J.  Med.,  330,  1260-  1266. 
Nielsen  D,  Maare  C  and  Skovsgaard  T.  (1996).  Gen. 
Pharmacol.,  27,  251-255. 

Olson  EN,  Burgess  R  and  Staudinger  J.  (1993).  Cell  Growth 
Differ.,  4,  699-705. 

Pauletti  G,  Godolphin  W,  Press  MF  and  Slamon  DJ.  (1996). 
Oncogene,  13,  63-72. 

Pegram  M,  Lipton  A,  Pietras  R,  Hayes  D,  Weber  B,  Baselga 
J,  Tripathy  D,  Twadell  T,  Glaspy  J  and  Slamon  DJ. 
(1995).  Proc.  Am.  Soc.  Clin.  Oncol.,  14,  106. 

Pegram  M,  Finn  RS,  Arzoo  K,  Beryt  M,  Pietras  R  and 
Slamon  D.  (1997).  Oncogene,  15,  537-547. 

Pierce  JH,  Arnstein  P,  DiMarco  E,  Artrip  J,  Kraus  MH, 
Lonardo  F,  DiFiore  P  and  Aaronson  SA.  (1991). 
Oncogene,  6,  1189-1194. 

Pietras  RJ,  Fendly  B,  Chazin  V,  Pegram  M,  Howell  S  and 
Slamon  D.  (1994).  Oncogene,  9,  1829-1838. 

Press  MF,  Cordon-Cardo  C  and  Slamon  DJ.  (1990). 
Oncogene,  5,  953-962. 

Press  MF,  Pike  MC,  Chazin  VR,  Hung  G,  Udove  JA, 
Markowicz  M,  Danyluk  J,  Godolphin  W  Sliwkowski  M, 
Akita  R,  Paterson  MC  and  Slamon  DJ.  (1993).  Cancer 
Res.,  53,  4960-4970. 

Purewal  M  and  Liehr  JG.  (1993).  Cancer  Chemother. 
Pharmacol.,  33,  239-244. 

Reese  D  and  Slamon  DJ.  (1997).  Stem  Cells,  15,  1-8. 

Ro  J,  El-Naggar  A,  Ro  JY,  Blick  M,  Frye  D,  Fraschini  G, 
Fritsche  H  and  Hortobagyi  G.  (1989).  Cancer  Res.,  49, 
6941-6944. 


Human  cancer  therapy  with  antibody  to  HER-2  receptor 

RJ  Pietras  et  al 


Samp  JC,  Johnson  RM,  King  KL,  Fendly  BM,  Lipari  MX, 
Napier  MA,  Ullrich  A  and  Shepard  HM.  (1991).  Growth 
Regulation,  1,  72-82. 

Sawyer  TW,  Gill  RD,  Smith-Oliver  T,  Butterworth  BE  and 
DiGiovanni  JD.  (1988).  Carcinogenesis,  9,  1197-1202. 

Scanlon  K,  Kashani-Sabet  M,  Miyachi  H,  Sowers  L  and 
Rossi  J.  (1989).  Anticancer  Res.,  9,  1301-1312. 

Scott  GK,  Dodson  J,  Montgomery  P,  Johnson  R,  Samp  J, 
Wong  W,  Ullrich  A,  Shepard  H  and  Benz  C.  (1991).  J. 
Biol.  Chem.,  266,  14300-14305. 

Semba  K,  Kamata  N,  Toyoshima  K  and  Yamamoto  T. 
(1985).  Proc.  Natl.  Acad.  Sci.  USA,  82,  6479-6502. 

Seshadri  R,  Firgaira  FA,  Horsfall  DJ,  McCaul  K,  Setlur  V 
and  Kitchen  P.  (1993).  /.  Clin.  Oncol.,  11,  1936-  1942. 

Shepard  HM,  Lewis  G,  Samp  J,  Fendly  B,  Maneval  D, 
Mordenti  J,  Figari  I,  Kotts  C,  Palladino  M,  Ullrich  A  and 
Slamon  DJ.  (1991).  J.  Clin.  Immunol.,  11,  117-127. 

Slamon  DJ,  Clark  GM,  Wong  S,  Levin  W,  Ullrich  A  and 
McGuire  W.  (1987).  Science,  235,  177-182. 

Slamon  DJ,  Godolphin  W,  Jones  LA,  Holt  JA,  Wong  SG, 
Keith  DE,  Levin  WJ,  Stuart  SG,  Udove  J,  Ullrich  A  and 
Press  MF.  (1989a).  Science,  244,  707-712. 

Slamon  DJ,  Press  MF,  Godolphin  W,  Ramos  L,  Haran  P, 
Shek  L,  Stuart  SG  and  Ullrich  A.  (1989b).  Cancer  Cells,  7, 
371-378. 


2249 


Sorenson  CM,  Barry  MA  and  Eastman  A.  (1990).  J,  Natl. 
Cancer  Inst.,  82,  749-755. 

Soule  HD  and  McGrath  CM.  (1980).  Cancer  Letters,  10, 
177-189. 

Tsai  C-M,  Chang  K-T,  Perng  R-P,  Mitsudomi  T,  Chen  M-H, 
Kadoyama  C  and  Gazdar  AF.  (1993).  J.  Natl.  Cancer 
Inst.,  85,  897-901. 

Tsai  C-M,  Levitzki  A,  Wu  L-H,  Chang  K-T,  Cheng  C-C, 
Gazit  A  and  Perng  R-P.  (1996).  Cancer  Res.,  56,  1068- 
1074. 

Van  Diest  P,  Baak  J,  Matze-Cok  P  and  Bacus  S.  (1992). 

Pathol.  Res.  Prac.,  188,  344-350. 

Wampler  G,  Carter  W,  Campbell  E  and  Keefe  P.  (1992). 

Cancer  Chemother.  Pharmacol.,  31,  111-117. 

Wu  GS  and  El-Deiry  S.  (1996).  Clin.  Cancer  Res.,  2,  623- 
633. 

Yarden  Y  and  Ullrich  A.  (1988).  Annu.  Rev.  Biochem.,  57, 
443-478. 

Yen  L,  Zeng-Rong  N,  You  X-L,  Richard  S,  Langton- 
Webster  BC  and  Alaoui-Jamali  MA.  (1997).  Oncogene,  14, 
1827-1835. 

Zhang  L  and  Hung  M-C.  (1996).  Oncogene,  12,  571-576. 
Zhen  W,  Link  CJ,  O’Connor  PM,  Reed  E,  Parker  R,  Howell 
SB  and  Bohr  VA.  (1992).  Mol.  Cell.  Biol.,  12,  3689-3698. 


Oncogene  (1999)  18,  2241-2251 

©  1999  Stockton  Press  All  rights  reserved  0950-9232/99  $12.00 


http://www.stockton-press.co.uk/onc 
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Previous  studies  have  demonstrated  a  synergistic  interac¬ 
tion  between  rhuMAb  HER2  and  the  cytotoxic  drug 
cisplatin  in  human  breast  and  ovarian  cancer  cells.  To 
define  the  nature  of  the  interaction  between  rhuMAb 
HER2  and  other  classes  of  cytotoxic  drugs,  we  applied 
multiple  drug  effect/combination  index  (Cl)  isobologram 
analysis  to  a  variety  of  chemotherapeutic  drug/rhuMAb 
HER2  combinations  in  vitro.  Synergistic  interactions  at 
clinically  relevant  drug  concentrations  were  observed  for 
rhuMAb  HER2  in  combination  with  cisplatin  (Cl  =  0.48, 
P  =  0.003),  thiotepa  (Cl  =  0.67,  P  =  0.0008),  and  etopo- 
side  (Cl  =  0.54,  P  =  0.0003).  Additive  cytotoxic  effects 
were  observed  with  rhuMAb  HER2  plus  doxorubicin 
(CI=1.16,  P  =  0.13),  paclitaxel  (Cl  =0.91,  P  =  0.21), 
methotrexate  (Cl  =  1.15,  P  =  0.28),  and  vinblastine 
(Cl  =  1.09,  P  =  0.26).  One  drug,  5-fluorouracil,  was  found 
to  be  antagonistic  with  rhuMAb  HER2  in  vitro 
(Cl  =  2.87,  P  =  0.0001).  In  vivo  drug/rhuMAb  HER2 
studies  were  conducted  with  HER-2//i^i/-transfected, 
MCF7  human  breast  cancer  xenografts  in  athymic  mice. 
Combinations  of  rhuMAb  HER2  plus  cyclophosphamide, 
doxorubicin,  paclitaxel,  methotrexate,  etoposide,  and 
vinblastine  in  vivo  resulted  in  a  significant  reduction  in 
xenograft  volume  compared  to  chemotherapy  alone 
(P<0.05).  Xenografts  treated  with  rhuMAb  HER2  plus 
5-fluorouracil  were  not  significantly  different  from  5- 
fluorouracil  alone  controls  consistent  with  the  subadditive 
effects  observed  with  this  combination  in  vitro.  The 
synergistic  interaction  of  rhuMAb  HER2  with  alkylating 
agents,  platinum  analogs  and  topoisomerase  II  inhibitors, 
as  well  as  the  additive  interaction  with  taxanes, 
anthracyclines  and  some  antimetabolites  in  HER-l/neu- 
overexpressing  breast  cancer  cells  demonstrates  that  these 
are  rational  combinations  to  test  in  human  clinical  trials. 

Keywords:  HER-l/neu  {c-erbB-2);  chemotherapy;  breast 
cancer;  multiple  drug  effects  analysis;  synergy 


Introduction 

Overexpression  of  pl85^^’'  -^,  resulting  from  amplifi¬ 
cation  of  the  HER-2//7CW  gene,  is  associated  with  poor 
clinical  outcome  in  25-30%  of  carcinomas  of  the 
breast  (Slamon  et  aL,  1987),  as  well  as  in  other  human 
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malignancies  (Semba  et  al.,  1985;  Slamon  et  al,,  1989; 
Berchuck  et  al,  1991;  Yonemura  et  ai,  1991;  Hetzel  et 
ciL,  1992;  Lukes  et  a!.,  1994;  Press  et  aL,  1994;  Saffari 
et  ai,  1995).  The  murine  monoclonal  antibody  4D5  has 
specificity  for  a  juxtamembrane  epitope  in  the 
extracellular  domain  (ECD)  of  the  pl85“^'^'“^"^'"  protein 
(Fendly  et  aL,  1990)  and  is  capable  of  eliciting  an 
antiproliferative  effect  against  murine  cells  transformed 
by  HER-2/neu  as  well  as  human  malignant  cell  lines 
and  xenografts  overexpressing  this  oncogene  (Chazin  et 
aL,  1992).  Importantly,  this  growth  inhibitory  effect  is 
specific  for  cells  with  HER-2/neu  overexpression  and 
does  not  occur  with  cells  expressing  normal  amounts  of 
the  protein  (Hudziak  et  ai,  1989;  Chazin  et  ai,  1992). 
A  recombinant,  humanized  form  of  4D5  (rhuMAb 
HER2)  has  been  generated  by  inserting  the  comple¬ 
mentary-determining  regions  (CDRs)  of  4D5  into  the 
framework  of  a  consensus  human  IgGi  (Carter  et  al., 
1992).  When  compared  to  murine  4D5,  rhuMAb 
HER2  exhibits  a  stronger  binding  affinity  for 
plg5HER*2m«  similar  specific  antiproliferative 

activity  against  HER-2//7ew-overexpressing  cell  lines 
and  xenografts. 

To  determine  how  best  to  use  this  antibody  both  as 
a  single  agent  and  in  combination  with  established 
cancer  therapeutics,  we  undertook  a  series  of  studies  to 
evaluate  its  inhibitory  effects  in  preclinical  models  in 
vitro  and  in  vivo.  These  studies  were  based  on  a 
previous  report  of  enhanced  activity  of  cisplatin 
(CDDP)  when  used  in  combination  with  antibodies 
directed  against  the  epidermal  growth  factor  receptor 
(EGER)  (Aboud-Pirak  et  al.,  1988).  Initial  studies 
showed  that  when  used  in  combination  with  the  drug 
CDDP,  4D5,  rhuMAb  HER2,  as  well  as  other  anti- 
HER-2lneu  antibodies,  potentiate  cytotoxicity  of  the 
chemotherapeutic  by  decreasing  DNA  repair  activity 
following  CDDP-induced  DNA  damage  (Hancock  et 
ai,  1991;  Pietras  et  ai,  1994).  This  effect,  termed 
receptor  enhanced  chemosensitivity  (REC),  specifically 
targets  HER-2/«cw-overexpressing  cells  and  has  no 
effect  on  cells  or  tissues  expressing  physiologic  levels  of 
the  gene.  The  interaction  between  4D5  and  CDDP  in 
inhibiting  HER-2/«^w-overexpressing  cell  lines  has  been 
shown  to  be  synergistic  resulting  in  a  two-log  increase 
in  CDDP-induced  cytotoxicity  as  well  as  pathologic 
complete  remissions  in  experimental  animals  bearing 
HER-2/A2ew-overexpressing  human  breast  cancer  xeno¬ 
grafts  (Pietras  et  ai,  1994). 

Synergy,  as  it  applies  to  drug-drug  interactions,  is 
defined  as  a  combination  of  two  or  more  drugs  which 
achieves  a  therapeutic  effect  greater  than  that  expected 
by  the  simple  addition  of  the  effects  of  the  component 
drugs.  Such  synergistic  interactions  between  drugs  may 
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improve  therapeutic  results  in  cancer  treatment  if  the 
synergism  is  specific  for  tumor  cells  (Chou  and  Talalay. 
1984h  Moreover,  analysis  of  the  nature  of  the 
interaction  between  two  drugs  (synergism,  addition, 
or  antagonism)  may  yield  insight  into  the  biochemical 
mechanisms  of  interaction  ol  the  drugs.  For  example, 
two  drugs  targeting  the  same  enzyme  or  biochemical 
pathway  may  compete  with  one  another  resulting  in  an 
antagonistic  interaction,  w'hereas  two  drugs  targeting 
completely  independent  pathways  may  be  additive,  and 
one  drug  which  potentiates  the  action  ot  another  may 
result  in  therapeutic  synergy. 

In  order  to  characterize  the  eflects  of  combinations 
of  rhuMAb  HER2  cytotoxic  chemotherapeutic  drugs 
commonly  used  in  breast  cancer  therapy,  we  utilized 
the  median-effect  combination-index  isobologram 
method  of  multiple  drug  effect  analysis.  With  this 
methodology,  combination  index  (Cl)  values  are 
calculated  for  different  dose-elfect  levels  based  on 
parameters  derived  from  median-effect  plots  of  the 
chemotherapeutic  drugs  alone,  rhuMAb  HER2  alone, 
and  the  combination  of  the  two  at  fixed  molar  ratios. 
Cl  values  <  1  indicate  synergy.  Cl  =  1  indicates 
addition,  and  Cl  >  1  denotes  antagonism  (Chou  and 
Talalay.  1984).  We  performed  this  analysis  with 
rhuMAb  HER2  in  combination  with  eight  drugs 
representing  seven  different  classes  of  cytotoxic 
chemotherapeutics  i/t  vitro.  Assays  were  performed  //; 
vitro  for  drug/rhuMAb  HER2  combinations  at 
clinically  relevant  drug  antibody  concentrations  using 
a  cytotoxicity  endpoint  employing  SK-BR-3  human 
breast  cancer  cells  which  contain  HER-2/nc((  gene 
amplification./overexpression.  In  addition,  to  circum¬ 
vent  the  possibility  that  any  observed  interaction  might 
be  unique  to  an  individual  cell  line  or  to  a  specific 
method  of  analysis,  parallel  studies  were  conducted  in 
vivo  with  the  same  rhuMAb  HER2/drug  combinations. 
HER-2//K'i/-transfected  MCF7  human  breast  carcino¬ 
ma  xenografts  which,  in  contrast  to  SK-BR-3  cells  are 
tumorigenic  in  athymic  mice,  served  as  the  tumor 
target  for  the  in  vivo  studies.  Using  this  model  we  also 
investigated  the  effect  of  various  chemotherapeutic 
drugs  on  the  pharmacokinetics  of  rhuMAb  HER2  in 
a  subset  of  mice  receiving  either  rhuMAb  HER2  alone 
or  rhuMAb  HER-2  plus  cytotoxic  drug.  Finally,  we 


sought  to  assess  the  effect  of  xenograft  size  (i.e.  tumor 
burden)  on  rhuMAb  HER2  serum  concentrations. 


Results 

Multiple  drug  effect  analysis  of  rhuMAb  HER2  in 
combination  with  cytotoxic  chemotherapy  drugs  on 
SK-BR-3  breast  carcinoma  cells  in  vitro 

To  extend  the  observations  on  anti-HER2  monoclonal 
antibodies  in  combination  with  CDDP.  and  to 
conduct  a  comprehensive  survey  of  rhuMAb  HER2 
in  combination  with  other  classes  of  cytotoxic 
chemotherapeutic  drugs  available  for  clinical  use. 
rhuMAb  HER2  was  analysed  in  combination  with 
seven  different  drug  classes.  Representative  drugs 
included:  the  anthracycline  antibiotic,  doxorubicin 
(DOX);  the  taxane  drug,  paclitaxel  (TAX):  a 
topoisomerase  II  inhibitor  etoposide  (VP- 16);  a 
platinum  analog  cisplatin  (CDDP);  a  vinca  alkaloid 
vinblastine  (VBL);  the  alkylating  agents,  thiotepa 
(TSPA)  for  in  vitro  experiments  and  cyclophospha¬ 
mide  (CPA)  for  in  vivo  experiments;  and  the 
antimetabolite  drugs  methotrexate  (MTX)  and  5- 
fluorouracil  (5-FU). 

In  this  analysis,  dose  response  curves  w'ere 
constructed  for  each  drug  alone,  rhuMAb  HER2 
alone,  and  the  combinations  at  fixed  molar  ratios 
defined  as  the  ratio  of  the  two  agents  at  their 
maximally  effective  dose.  A  representative  example  of 
the  multiple  drug  effect  analyses  performed  for  all  of 
the  chemotherapeutic  agent/rhuMAb  HER2  combina¬ 
tions  is  shown  for  the  alkylating  agent  TSPA  (Figure 
1  and  Table  1).  In  this  analysis  Fa  and  Fu  are  the 
fractions  of  SK-BR-3  cells  affected  or  unaffected, 
respectively,  by  the  dose  (D)  of  either,  agent  (drug  or 
antibody).  DM  is  the  dose  required  to  produce  the 
median  effect  (analogous  to  the  IC50),  and  m  is  the 
Hill  coefficient  used  to  determine  whether  the  dose 
effect  relationships  follow  sigmoidal  dose-response 
curves  (Hill,  1913).  Linear  regression  correlation 
coefficients  (r-values)  of  the  median  effect  plots 
(Table  1)  reflect  that  the  dose-effect  relationships  for 
TSPA.  rhuMAb  HER2,  and  the  combination,  con- 


A  B 

Figure  1  (a)  Multiple  drug  effect  plot  of  TSPA,  rhuMAb  HER2  and  the  combination  where  Fa  =  the  fraction  of  SK-BR-3  cells 

affected  by  the  drugs.  Fu  the  fraction  of  cells  unaffected,  and  D  =  drug  dose,  (b)  Combination  Index  values  for  TSPA  m 
combination  with  rhuMAb  HER2  at  multiple  effect  levels.  Cl  values  <1  indicate  synergy 
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form  to  the  principle  of  mass  action  (in  general,  r- 
values  >0.9  confirm  the  validity  ot  this  methodology) 
(Chou  and  Talalay.  1984).  Cl  values  for  the 
combination  of  TS"pA  and  rhuMAb  HER2  were 
significantly  less  than  1 .0  across  all  combination 
doses  tested  (P  =  0.0008)  indicating  a  synergistic 
interaction  (Figure  lb).  A  summary  ol  the  data  from 
the  same  analysis  applied  to  each  of  the  eight 
cytotoxic  drug/rhuMAb  HER2  combinations  tested 
(Table  2)  demonstrates  that  CDDP.  TSPA,  and  VP- 16 
exhibit  synergistic  therapeutic  interactions  (CI<1; 
P<0.001)  with  rhuMAb  HER2  across  a  wide  range 
(-0.2 -0.8)  of  Fa  values.  Additive  interactions 
(CI=1)  were  observed  for  TAX.  DOX,  MTX,  and 
VBL  in  combination  with  rhuMAb  HER2,  while  only 
one  drug.  5-FU,  was  found  to  exhibit  an  antagonistic 
(CI>1:  P  =  0.0001)  interaction  (Table  2). 


P '''''''  expression  and  fyrosine  phosphorylation 
following  exposure  to  cytotoxic  agents 

Previous  work  has  demonstrated  that  exposure  of 
several  cancer  cell  lines  to  the  anthracycline  DOX 
results  in  an  increase  in  expression  of  the  EGFR  and/ 
or  its  ligand  TGF-a  (Zuckier  and  Tritton,  1983: 
Flanauske  et  al..  1987:  Baselga  et  ai,  1992,  1993). 
This  phenomenon  has  been  proposed  to  explain  the 
synergistic  cytotoxic  effects  of  DOX  used  in  combina¬ 
tion  with  anti-EGFR  monoclonal  antibodies  (Baselga 
et  ah.  1992).  To  test  whether  pi 85'“ expression  is 
similarly  altered  by  DOX,  protein  expression  levels 
were  measured  at  various  times  following  DOX 
exposure  (Figure  2a).  These  studies  demonstrate  that 
following  exposure  to  DOX.  pi  85“' " expression 
levels  in  SK-BR-3  breast  carcinoma  cells  are  unaltered, 
unlike  the  reported  effects  of  DOX  on  EGFR 
expression  in  A431  cells  (Baselga  et  ah.  1992).  We 
next  considered  the  possibility  that  cytotoxic  drugs 
may  impact  pl85“‘'^‘-"‘"  functional  activity  rather  than 
expression  levels.  We  therefore  determined  the  effect  of 
the  various  cytotoxic  drugs  on  heregulin  B-1  and  4D5- 
induced  tyrosine  phosphorylation  of  pl85“'-‘^'-"‘" 
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Figure  2  (a)  Expression  of  in  SK-BR-3  cells 

following  exposure  to  DOX  at  the  IC30  {30  nM)  concentration 
for  the  times  indicated,  (b)  MAb  4D5-induced  tyrosine 
phosphorylation  of  pi 85“^'^'“'“'"  in  SK-BR-3  cells  following 
exposure  to  chemotherapeutic  agents  at  the  IC30  concentration  at 
the  indicated  time  points.  4D5-associated  tyrosine  phosphoryla¬ 
tion  (lane  2)  was  observed  under  all  of  the  chemotherapy 
conditions  tested  (lanes  3-11)  compared  to  control  (lane  1).  (c) 
Heregulin-induced  pl85“''''^'“ tyrosine  phosphorylation  in 
MCF7  cells  following  exposure  to  chemotherapeutic  drugs^  at 
the  IC30  concentration.  These  data  demonstrate  that  plSS^^*^'" 
expression  and  phosphorylation  state  are  unaltered  by  prior 
exposure  to  the  chemotherapeutic  agents  tested 


Table  1  Calculated  values  for  the  Combination  Index  as  a  function  of  fractional  inhibition  of  SK-BR-3  cell  proliferation  by  a  mixture  of  TSPA 
_  and  rhuMAb  HER2 _ 

Comhincition  Index  I  'tducs  Parameters 


Drnz 

ED3() 

ED40 

ED50 

ED60 

ED70 

Dm 

m 

r 

TSPA 

rhuMAb  HER2 

TSPA -rhuMAb  HER2 
Diagnosis  of  combined  effect 

0.52 

Synergy 

0.37 

Synergy 

0.41 

Synergy 

0.49 

Synergy 

0.60 

Synergy 

66.2  n\\ 
675.0  nM 
27.1  /^M 

0.81 

0.15 

0.59 

0.99 

0.96 

0.99 

Table  2  Mean  combination  index  values  for  chemotherapeutic  drug/ rhuMAb  HER2  combinations  in  vitro 


Drii^ 

rhuMAb  HER2!clrug 
molar  ratio 

Dru^  Dose  Range 
f/i/v/; 

Combination  Index 
( Mean  ±s. eon. ) 

P  value 

Interaction 

TSPA 

6.4x  10'-' 

8.25-  1.06  X  10’ 

0.67±0.12 

0.0008 

Synergy 

CDDP 

4.0  X  10-^ 

6,5x  10"'-l.7x  10^ 

0.56T0.I5 

0.001 

Synergy 

VP- 16 

9.9  X  lO-* 

2.6  X  10" '-6.8  X  10' 

0.54  +  0.15 

0.0003 

Synergy 

DOX 

9.8x  lO'-’ 

2.7x  10"--6.9 

1.16  +  0.18 

0.13 

Addition 

TAX 

1.4x  10"' 

1.8x  10"''-5.0x  10“' 

0.91+0.23 

0.21 

Addition 

MTX 

3.3x  10"' 

8.0x  10"''-2.0x  10"' 

1.36±0.17 

0.21 

Addition 

VBL 

1.7 

1.6x  10"‘'-3.9x  10"- 

1.09  +  0.19 

0.26 

Addition 

5-FU 

8.8  X  10“-’ 

3.0-7.65  X  10- 

2.87  +  0.51 

0.0001 

Antagonism 

P  values  indicate  level  of  significance  compared  to  Cl  =  1 .0 
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(Yarden,  1990:  Holmes  er  al..  1992).  MCF7  or  SK-BR-  these  data  demonstrate  that  none  of  the  synergistic. 

3  breast  carcinoma  cells  were  treated  with  cytotoxic  additive,  or  antagonistic  effects  of  chemotherapeutic 

drugs  then  allowed  to  incubate  with  heregulin  (10  nM),  drugs  with  anti-HER-2//ieM  antibody  can  be  explained 

or  4D5  (12.5  ^ig/ml).  Protein  lysates  were  then  analysed  on  the  basis  of  either  chemotherapy-induced  alteration 

by  anti-phosphotyrosine  immunoblot.  These  studies  of  pl85‘^^‘^''"''  protein  expression  levels  or  its 

demonstrate  an  increase  in  pi 85"'-''""™  tyrosine  phosphorylation, 
phosphorylation  following  incubation  with  4D5  com¬ 
pared  to  a  non-specific  isotype  control  antibody  Anti-HER-2lmu  antibodies  alter  cell  cycle  distribution 

(Figure  2b,  lanes  1  and  2).  Prior  exposure  of  the  cells  ,■  ff£]^.2ixieu-overexpressing  human  breast  cancer  cells 
to  the  three  drugs  which  were  found  to  be  synergistic 

with  anti-HER-2//ieM  antibodv  (CDDP.  TSPA.  and  The  cytotoxic  effects  of  antimetabolite  drugs  are  cell 

VP-16)  had  no  effect  on  4D5-induced  pl85  tyrosine  cycle  dependent  (Tannock,  1978).  To  identify  a 

phosphorylation  (Figure  2b.  lanes  3  —  7  and  lanes  9  and  possible  mechanism  for  the  antagonism  of  5-FU  with 

10)  Similarly  neither  DOX  which  is  additive,  nor  5-  rhuMAb  HER2  we  investigated  the  effects  of  murine 

FU  which  is  ’antagonistic,  had  effects  on  4D5-induced  4D5  and  rhuMAb  HER2  on  cell  cycle  distribution  of 

pi 85  tyrosine  phosphorylation  (Figure  2b,  lanes  8  and  exponentially  growing  SK-BR-3  and  MCF7  cells  in 

11) .  In  addition,  when  heregulin  B-1  is  used  to  activate  vitro  (Figures  3  and  4).  Both  the  murine  4D5  and 

p]35HER.2»™  kinase,  preincubation  of  MCF7  breast  rhuMAb  HER2  antibodies  reduce  the  percentage  of 

carcinoma  cells  with  CDDP  or  DOX  had  no  effect  cells  undergoing  S  phase  as  well  as  increase  the 

on  heregulin-induced  pi 85"'"  - tyrosine  phosphoryla-  percentage  of  cells  in  GO/Gl,  and  these  effects  are 

tion  (Figure  2c).  Preincubation  of  MCF7  cells  with  dose-dependent  with  the  maximal  antiproliferative 

TSPA,  VP- 16,  TAX,  MTX,  VBL,  or  5-FU  likewise  had  activity  occurring  at  antibody  concentrations  between 

no  effect  on  hereeulin-induced  pl85”’"'’  ‘"''''  tyrosine  1  and  10  ^g/ml  (Figure  4).  There  was  no  significant 

phosphorylation  (data  not  shown).  Taken  together  difference  in  the  magnitude  of  decrease  in  S  phase 


Figure  3  DNA  fluorescence  flow  cytometry  histograms  of  propidium  iodide-stained  nuclei  obtained  from  MCF7  (a-c)  and  SK- 
BR-3  (d-f)  breast  carcinoma  cells  following  treatment  with  control  antibody  6E10.  murine  anti-pl85  antibody  4D5,  or 

humanized  anti-pl85”^’‘-^'"‘"'  antibody  (rhuMAb  HER2)  at  a  dose  of  1  #tg/ml  for  72  h.  These  data  demonstrate  a  significant 
reduction  in  the  fraction  of  breast  carcinoma  cells  undergoing  S  phase  following  treatment  with  anti-HER-2  antibodies  4D5  and 
rhuMAb  HER2.  This  effect  is  specific  for  cells  with  HER-2/ncu-overexpression  (SK-BR-3  cells) 
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Figure  4  Effect  of  MAb  dose  on  cell  cycle 

distribution  of  breast  cells  without  (a)  and  with  (b)  HER-2///£'w 
overexpression 


fraction  of  SK-BR-3  cells  comparing  4D5  and  rhuMAb 
HER2  indicating  the  humanization  of  the  murine 
antibody  did  not  adversely  impact  its  antiproliferative 
activity.  The  lack  of  any  effect  on  cell  cycle  distribution 
of  MCF7  cells  demonstrates  the  specificity  of  these 
antibodies  for  cells  with  HER-2/neu  overexpression. 
These  data  suggest  that  a  decrease  in  the  percentage  of 
SK-BR-3  cells  in  S  phase  may  result  in  a  decreased 
sensitivity  to  5-FU.  An  antagonistic  interaction  for  the 
combination  of  rhuMAb  HER2  with  the  antimetabo¬ 
lite  MTX  was  not  observed.  The  lack  of  antagonism 
between  MTX  and  rhuMAb  F[ER2  in  vitro  may  be  due 
to  the  longer  incubation  period  required  for  MTX 
(120  vs  72  h)  to  elicit  cytotoxicity  in  the  assay  used  for 
the  multiple  drug  effect  analysis,  and  the  fact  that 
MTX  exerts  cytotoxic  effects  in  other  phases  of  the  cell 
cycle  in  addition  to  S  phase  (Buick,  1994). 

Ejfect  of  rhuMAb  HER2  in  combination  with  multiple 
chemotherapeutic  drugs  on  growth  of  HER-Ijntxi- 
transfected  MCF7  breast  xenografts  in  vivo 

To  further  evaluate  the  potential  therapeutic  effects  of 
rhuMAb  HER2/chemotherapy  combinations  and  to 
extend  our  observations  beyond  a  single  cell  line  and 
preclinical  model,  a  series  of  in  vivo  studies  were 
performed  using  human  breast  cancer  xenografts  in 
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athymic  mice.  All  of  the  doses,  routes  of  administra¬ 
tion,  and  dose  intervals  for  the  various  cytotoxic  drugs 
and  rhuMAb  HER2  were  based  on  independent  dose 
finding  experiments  for  this  specific  strain,  age,  weight, 
and  sex  of  athymic  mouse.  The  cytotoxic  drug  doses 
used  were  at  or  near  the  maximum  tolerated  doses 
previously  reported  in  the  literature  (Giovanella  et  ai, 

1977;  Boven  and  Winograd,  1991). 

For  the  alkylating  agent  cyclophosphamide  CPA, 
combination  with  rhuMAb  HER2  resulted  in  a 
significant  reduction  (P<0.05)  in  day  21  xenograft 
volume  compared  to  either  agent  alone  (Figure  5a). 

The  combination  of  the  anthracycline  antibiotic  DOX 
plus  rhuMAb  HER2  also  significantly  reduced  MCF7/ 
HER-2  xenograft  volume  compared  to  either  single 
agent  alone  (Figure  5b).  The  combination  of  the 
taxane  compound  TAX  plus  rhuMAb  HER2,  which 
demonstrated  an  additive  interaction  in  vitro,  resulted 
in  a  significant  reduction  in  day  20  xenograft  volume 
compared  to  treatment  with  TAX  alone  (Figure  5c). 
However,  the  difference  between  rhuMAb  HER2 
alone  and  rhuMAb  HER2  plus  TAX  did  not  reach 
statistical  significance.  This  is  likely  due  to  the 
relatively  small  sample  size  in  each  group  and  the 
fact  that  the  dose  of  rhuMAb  HER2  in  this  particular 
analysis  (10  mg/kg  I.P.  twice  weekly)  yielded  a  marked 
reduction  in  xenograft  growth  even  when  used  as  a 
single  agent. 

The  following  four  rhuMAb  HER2/drug  combina¬ 
tions  were  studied  in  a  single  in  vivo  experiment.  For 
this  experiment,  a  'rational  dose’  (RD)  or  rhuMAb 
HER2  was  chosen  as  new  information  became 
available  based  on  comparative  pharmacokinetic 
studies  from  both  humans  and  athymic  mice.  RD  is 
the  dose  of  a  given  drug  which  can  reproduce  a  serum 
level  in  experimental  animals  similar  to  that  observed 
in  human  subjects  (Inaba  et  ai,  1988).. The  RD  for 
rhuMAb  HER2  resulted  in  a  lower  cumulative 
rhuMAb  HER2  dose  (16  mg/kg  vs  30-50  mg/kg) 
during  the  21  day  observation  period  for  this 
experiment  compared  to  the  three  in  vivo  studies 
reported  above.  With  this  approach,  a  significant 
reduction  in  day  21  xenograft  volume  was  observed 
for  the  topoisomerase  II  inhibitor  VP- 16  when  used  in 
combination  with  rhuMAb  HER2  compared  to  either 
agent  alone  (Figure  6a).  The  combination  of  the 
microtubule  inhibitor  VBL  with  rhuMAb  HER2  also 
significantly  reduced  MCF7/HER-2  xenograft  volume 
compared  to  treatment  with  VBL  alone  or  single  agent 
rhuMAb  HER2  (Figure  6b).  For  the  antimetabolite 
class  of  cytotoxic  chemotherapeutics,  two  drugs  with 
clinical  activity  against  breast  cancer  were  chosen  for 
combination  studies.  Treatment  with  MTX,  which 
targets  dihydrofolate  reductase,  plus  rhuMAb  HER2 
resulted  in  a  significant  reduction  in  day  21  MCF7/ 
HER-2  xenograft  volume  when  compared  to  either 
MTX  alone  or  rhuMAb  HER2  alone  (Figure  6c). 
Finally,  the  antimetabolite  drug  5-FU,  which  targets 
thymidylate  synthetase,  and  which  was  found  to  be 
antagonistic  when  combined  with  rhuMAb  HER2  in 
vitro,  did  not  yield  a  significant  reduction  in  xenograft 
volume  when  compared  to  5-FU  alone  in  vivo  (Figure 
6d).  Although  the  combination  of  rhuMAb  HER2  plus 
5-FU  was  superior  to  rhuMAb  HER2  alone  in  this 
experiment  (P<0.05),  the  5-FU  dose  used  had 
sufficient  anti-tumor  efficacy  as  a  single  agent  such 
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Figure  5  Combination  treatment  of  1VICF7  HER-2  breast 
carcinoma  xenografts  in  athymic  mice  with  rhuMAb  HER2  plus 
chemotherapeutic  agents  CPA  (a).  DOX  (b),  and  TAX  (c).  For 
each  drug,  significant  reduction  in  xenograft  volume  was  observed 
for  rhuMAb  HER2'drug  combinations  compared  to  drug  alone 
controls  (P<0.05) 


that  it  was  not  possible  to  resolve  potential  differences 
between  5-FU  alone  and  the  combination  with  the 
sample  sizes  chosen  (10  mice  group). 

Correlation  between  rhuMAh  HER-2  serum 
concentration  and  MCF71HER-2  xenograft  volume 

To  investigate  the  relationship  between  rhuMAb  HER2 
concentration  and  xenograft  size,  trough  rhuMAb 
HER2  serum  concentration  was  measured  in  a  subset 
of  mice  on  day  64  following  extended  rhuMAb  HER2 
treatment  at  the  RD  (8  mg  kg  loading  dose  and  eight 
weekly  i.p.  injections  of  4  mg/kg)  (Figure  7).  A 
significant  inverse  correlation  (Spearman  Rank  Corre¬ 


lation  rho=— 0.543;  /*  =  0.0067)  between  trough 

rhuMAb  HER2  concentration  and  xenograft -volume 
was  observed,  suggesting  that  the  MCF7/HER-2 
xenograft  size  significantly  affects  rhuMAb  HER2 
pharmacology.  Furthermore,  this  effect  is  independent 
of  serum  shed  HER-2/7;cm  ECD  concentration  as  this 
molecule  was  undetectable  in  any  of  the  murine  serum 
samples  analysed  (data  not  shown). 

To  determine  if  chemotherapeutic  drugs  have  an 
effect  on  rhuMAb  HER2  pharmacology,  day  64  trough 
serum  rhuMAb  HER2  concentrations  were  analysed  by 
treatment  group  in  a  subset  of  mice  used  for  the  in  vivo 
studies.  Controlling  for  xenograft  size,  there  was  no 
significant  difference  in  rhuMAb  HER2  trough 
concentration  between  any  of  the  treatment  groups  in 
Figure  7  (data  not  shown). 


Discussion 

The  protein  products  of  transforming  oncogenes  have 
been  a  target  for  anti-cancer  drug  development  since 
the  initial  discovery  of  these  genes,  however  there  is 
only  one  currently  approved  drug  specifically  targeting 
these  proteins  in  clinical  use.  Identification  of  the 
HER-2/nci/  gene  alteration  and  its  association  with 
aggressive  forms  of  human  breast  cancer  has  resulted 
in  its  successful  therapeutic  targeting  (Slamon  et  al.. 
1987.  1989;  Baselga  et  al.,  1996;  Pegram  et  al.,  1998). 
The  interaction  of  anti-HER-2/new  antibodies  with 
pl85HER-2,,™  results  in  receptor  tyrosine  phosphoryla¬ 
tion.  (Yarden,  1990),  downregulation  of  receptor 
expression  (Park  et  al.,  1992),  internalization  of  the 
antibody-receptor  complex  (Maier  et  al.,  1991),  and  a 
decrease  in  the  association  of  with  its 

heterodimeric  partners  HER-3  and/or  HER-4  (Reese  et 
al..  1996;  Klapper  et  al..  1997).  These  events  are 
accompanied  by  a  number  of  biological  effects 
including  most  importantly  a  decrease  in  cell  prolifera¬ 
tion  (Rodriguez  et  al..  1993),  alteration  of  cell  cycle 
distribution,  and  a  marked  decrease  in  the  ability  of 
the  cell  to  excise  and  repair  DNA  damage  induced  by 
platinum  analogs  (Pietras  et  al.,  1994;  Arteaga  et  al.. 
1994).  This  enhanced  cytotoxic  activity  is  specific  for 
malignant  cell  lines  or  xenografts  with  HER-2/ncK 
receptor  overexpression  since  anti-HER-2//JCM  antibo¬ 
dies  have  no  such  effect  on  cell  lines  with  physiologic 
HER-2/neM  expression  levels  (Hancock  et  al.,  1991; 
Pietras  et  al.,  1994).  Interaction  between  the 
pl85HER-2n<„  signaling  pathway  and  CDDP-DNA 
repair  mechanisms  has  been  confirmed  using  tyrosine 
kinase  inhibitors  to  block  pl85"^''-^"'‘"  receptor 
phosphorylation  which  inhibits  antibody  induced 
attenuation  of  repair  of  platinum-DNA  adducts 
(Arteaga  et  al.,  1994).  Moreover,  reversal  of  CDDP 
resistance  is  possible  through  transfection  and  over¬ 
expression  of  HER-2/neM  cDNA  followed  by  incuba¬ 
tion  with  anti-HER-2/ncH  antibody  (Pietras  et  al.. 
1994).  As  a  result  of  this  work,  studies  demonstrating 
the  clinical  efficacy  of  the  combination  of  an  anti- 
HER-2/«<?m  antibody  plus  CDDP  were  conducted  in 
breast  cancer  patients  with  HER-2-overexpressing 
breast  cancers  who  previously  exhibited  clinical  drug 
resistance  to  cytotoxic  therapy  (Pegram  et  al.,  1998). 

To  test  whether  this  receptor  enhanced  chemosensi- 
tivity  mechanism  could  be  observed  with  other  classes 
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Figure  6  Treatment  of  MCF7  HER2  xenografts  with  rhiiMAb  HER2  in  combination  with  VP-16  (a),  VBL  (b).  MTX  (c).  and  5- 
FU  (d).  Combination  drug  rhiiMAb  HER2  treatment  resulted  in  a  significant  reduction  in  xenograft  volume  compared  to  drug 
alone,  or  rhuMAb  HER2ldone.  controls  (P<0.05)  for  each  of  the  drugs  indicated  with  the  exception  of  5-FU 
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Figure  7  Inverse  relationship  between  MCF7/HER-2  xenograft 
volume  and  trough  rhuMAb  HER2  concentration  in  murine 
serum  (Spearman  Rank  Correlation  rho= —0.543:  P  =  0.0067). 
These  data  suggest  that  binding  of  rhuMAb  HER2  to  HER-2/ 
//cz/-overexpressing  xenografts  reduces  serum  rhuMAb  HER2 
concentrations 


of  cytotoxic  chemotherapeutic  agents,  we  performed  a 
series  of  studies  evaluating  combinations  of  cytotoxic 
agents  with  rhuMAb  HER2  testing  seven  classes  of 
chemotherapeutics  in  common  clinical  use.  All  con¬ 
centration  ranges  of  cytotoxic  drugs  and  rhuMAb 
HER2  tested  in  these  studies  were  conducted  at  serum 


concentrations  achieved  in  humans  (Pegram  et  al., 
1997.  1998).  Data  from  the  multiple  drug  effect 
analysis  methodology  are  useful,  not  only  in  establish¬ 
ing  hypotheses  as  to  the  mechanism  of  action  of  multi- 
drug  combinations,  but  can  also  provide  insight  as  to 
how  two  drugs  should  be  administered  temporally  to 
gain  the  maximum  therapeutic  effect.  For  example,  two 
drugs  which  are  synergistic  might  best  be  administered 
together  whereas  two  antagonistic  drugs  would  be  most 
effective  if  given  sequentially.  Data  from  the  current 
study  demonstrate  that  the  platinum  compound 
CDDP,  the  alkylating  agent  TSPA.  and  the  topoi- 
somerase  II  inhibitor  VP-16  are  synergistic  in 
combination  with  rhuMAb  HER2  in  treating  HER-2/ 
/;ei/-overexpressing  SK-BR-3  breast  carcinoma  cells  in 
vitro.  These  results  suggest  the  possibility  of  an 
interaction  between  the  HER-2/ncw  signaling  pathway 
and  intracellular  DNA  repair  mechanisms  involved 
with  repair  of  DNA  damage  resulting  from  these 
specific  DNA  damaging  agents.  Other  potential 
mechanisms  might  also  explain  the  synergy  observed 
between  rhuMAb  HER2  and  these  agents,  including 
the  possibility  that  rhuMAb  HER2  could  impact  the 
cellular  pharmacology  of  the  drugs  resulting  in  an 
increase  in  their  cytotoxic  activity.  An  argument 
against  this  hypothesis  is  the  fact  that  the  anti-HER- 
Ijneu  antibody  has  no  effect  on  the  net  cellular 
incorporation  of  '■‘C-labeled  carboplatin  (Pietras  et 
al.,  1994)  or  [‘^C]-doxorubicin  in  target  cells  (Pegram  et 
al.,  1992).  Another  possible  mechanism  for  the 
observed  synergy  with  rhuMAb  HER2  is  an  effect  of 
cytotoxic  drugs  on  the  expression  level  and/or  kinase 
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activity  of  An  analogous  mechanism  has 

been  postulated  for  the  EGFR  where  low  doses  of 
DOX  appear  to  increase  receptor  expression  enhancing 
the  antiproliferative  activity  of  anti-EGFR  antibody 
(Zuckier  and  Tritton,  1983;  Hanauske  et  ciL,  1987; 
Baselga  et  al.^  1992,  1993).  The  current  data 

demonstrate  no  change  in  pl85'^‘-^  -"'"  expression  levels 
or  in  HER-2/neu  receptor  tyrosine  phosphorylation 
following  exposure  to  cytotoxic  drugs,  suggesting  that 
unlike  the  EGFR,  this  mechanism  is  not  operative  for 
the  UER-llneii  receptor. 

Most  of  the  rhuMAb  HER2  drug  combinations 
evaluated  in  this  study  demonstrate  additive  rather 
than  synergistic  interactions  suggesting  that  the 
majority  of  observed  antiproliferative  effects  of 
rhuMAb  HER2  plus  cytotoxic  drugs  are  due  to  a 
mechanism  of  action  involving  each  agent  acting 
independently.  It  is  interesting  to  note  that  the 
mechanisms  of  action  of  many  of  the  drugs 
demonstrating  additivity  do  not  involve  direct  DNA 
damage,  but  rather  disruption  of  microtubule  poly¬ 
merization/depolymerization  (taxanes  and  vinca  alka¬ 
loids)  or  inhibition  of  DNA  synthesis  (antimetabolites). 
This  observation  is  consistent  with  the  hypothesis  that 
the  synergy  between  cytotoxic  drugs  and  rhuMAb 
HER2  involves  an  interaction  between  the  HER-l/neu 
signaling  and  DNA  repair  pathways.  Subsequent  to 
our  initial  demonstration  of  the  additive  effects  of 
rhuMAb  HER2  with  TAX  (Hsu  et  aL.  1997),  studies 
confirming  this  additive  interaction  were  published 
(Baselga  et  al.,  1998).  The  antimetabolite  drug  5-FU  is 
the  only  drug  which  demonstrated  antagonism  when 
used  in  combination  with  rhuMAb  HER2  In  vitro.  We 
have  not  yet  defined  the  mechanism  of  this  interaction, 
but  it  may  be  the  result  of  alterations  in  cell  cycle 
distribution  caused  by  rhuMAb  HER2  as  seen  in  the 
current  data.  It  could  also  be  the  result  of  intracellular 
pharmacological  effects,  alteration  of  the  enzymatic 
activity  responsible  for  conversion  of  5-FU  to  5- 
fluorodeoxyuridine  monophosphate,  or  an  impact  on 
the  level  of  the  target  enzyme  thymidylate  synthetase. 
Further  work  is  needed  to  explore  these  possibilities. 

The  multiple  drug  effect  model  is  not  easily  applied 
to  analysis  of  in  vivo  studies  since  such  analyses,  with 
the  number  of  drugs  reported  in  this  study,  would 
require  at  least  600  athymic  mice  (assuming  five  mice 
per  group,  five  data  points  for  each  dose  response 
curve,  and  three  dose  response  curves  -  for  each  drug 
alone,  and  in  combination  with  rhuMAb  HER2). 
Consequently  we  used  a  more  conventional  approach 
for  analysis  of  the  in  vivo  data  (i.e.  single  factor 
ANOVA  at  fixed  time  points  following  treatment  of 
mice  with  optimal  drug  or  rhuMAb  HER2  doses).  The 
cytotoxic  drug  doses  chosen  for  these  experiments  are 
at  or  near  the  MTD  reported  in  the  literature  for  each 
of  the  cytotoxic  drugs.  The  rhuMAb  HER2  doses  and 
schedules  were  designed  to  achieve  target  serum 
concentrations  of  ^  10-20 /ig  ml  in  mice  bearing 
HER-2/new-overexpressing  xenografts  of  50-500  mm^ 
in  size.  This  antibody  concentration  is  associated  with 
our  previously  published  maximal  antiproliferative 
effect  in  vitro  (De  Santes  et  aL,  1992).  With  this  in 
vivo  approach,  we  demonstrated  significantly  superior 
anti-tumor  efficacy  of  rhuMAb  HER2  in  combination 
with  CPA,  DOX,  MTX,  TAX,  VP- 16,  and  VBL  when 
compared  to  effects  of  each  chemotherapeutic  drug 


alone.  These  results  are  consistent  with  the  in  vitro  data 
which  demonstrate  that  rhuMAb  HER2  is  either 
additive  or  synergistic  with  each  of  these  drugs.  For 
the  drug  5-FU,  which  was  antagonistic  with  rhuMAb 
HER2  in  vitro,  the  same  combination  in  vivo  was 
superior  to  rhuMAb  HER2  alone  but  not  to  5-FU 
alone.  Although  this  could  be  secondary  to  an 
antagonistic  effect,  it  is  also  possible  that  the  sample 
sizes  in  each  treatment  group  were  not  sufficient  to 
discriminate  between  5-FU  alone  and  the  combination, 
especially  in  light  of  the  fact  that  single  agent  5-FU 
had  a  marked  effect  on  xenograft  volume  in  this  model. 
It  is  important  to  note  that  in  the  analysis  of  the 
combination  studies  in  vivo,  rhuMAb  HER2  had  no 
deleterious  effect  on  chemotherapeutic  drug  efficacy. 
Additionally,  we  did  not  observe  any  overt  increase  in 
toxicity,  as  determined  by  measurement  of  animal 
weights,  observations  of  activity  level,  and  overall 
survival,  in  mice  treated  with  rhuMAb  HER2/ 
chemotherapy  combinations. 

Previous  analysis  of  rhuMAb  HER2  pharmacoki¬ 
netics  in  human  subjects  demonstrate  an  inverse 
association  between  serum  concentrations  of  rhuMAb 
HER2  and  the  shed  HER-2/wew  ECD  (Pegram  et  al., 
1998).  One  mechanism  which  may  explain  this 
observation  is  the  direct  binding  of  rhuMAb  HER2 
to  shed  HER-l/neu  ECD  in  the  circulation  resulting  in 
a  more  rapid  clearance  of  the  resulting  antigen/ 
antibody  complex  by  the  reticuloendothelial  system. 
Another  potential  mechanism  is  that  high  serum  shed 
HER-2//7^w  ECD  may  be  a  marker  of  increased  tumor 
burden,  resulting  in  an  inverse  association  between 
rhuMAb  HER2  concentration  and  shed  HER-l/neu 
ECD  due  to  increased  binding  and  turnover  of 
rhuMAb  HER2  directly  by  tumor  cells.  In  the 
MCF7/HER-2  xenograft  model,  we  measured  rhu¬ 
MAb  HER2  trough  concentration,  shed  HER-2//7^w 
ECD,  and  tumor  volume  concurrently.  These  data 
demonstrate  a  significant  inverse  relationship  between 
rhuMAb  HER2  trough  concentration  and  xenograft 
volume.  This  relationship  is  independent  of  serum  shed 
HER-l/neu  ECD  since  no  serum  shed  HER-l/neu  ECD 
could  be  detected  using  a  sensitive  ELISA  assay  (Sias 
et  al.,  1990)  in  this  model.  These  data  demonstrate  that 
tumor  burden  alone  in  the  absence  of  shed  HER-l/neu 
ECD  is  sufficient  to  affect  rhuMAb  HER2  pharmaco¬ 
kinetics.  In  addition  the  current  data  demonstrate  that 
prior  treatment  with  the  drugs  MTX,  5-FU,  VP- 16, 
and  VBL  in  vivo  had  no  effect  on  rhuMAb  HER2 
trough  levels  in  murine  serum.  Consistent  with  this  is 
the  published  data  showing  concomitant  administra¬ 
tion  of  the  drug  CDDP  had  no  impact  on  mean 
pharmacokinetic  parameters  of  rhuMAb  HER2  in  a 
phase  II  clinical  trial  of  CDDP  plus  rhuMAb  HER2  in 
39  patients  with  advanced  breast  cancer  (Pegram  et  al., 
1998).  Taken  together,  these  data  suggest  that  the 
cytotoxic  chemotherapeutic  drugs  evaluated  have  no 
effect  on  rhuMAb  HER2  pharmacokinetics  in  vivo. 

It  is  now  generally  accepted  that  identification  of 
molecular  alterations  which  play  a  role  in  the 
pathogenesis  of  specific  human  malignancies  will  lead 
to  the  development  of  targeted  therapeutics  which 
should  be  more  effective  and  less  toxic  than  currently 
available  agents.  Activation  of  HER-2/neu  resulting 
from  gene  amplification  in  human  breast  cancer  is  one 
of  what  is  hoped  to  be  a  number  of  molecular  targets 


for  future  drug  design  in  this  disease  as  well  as  other 
human  cancers.  Studies  leading  to  a  greater  under¬ 
standing  of  the  biological  consequences  of  HER-ljneih 
directed  therapies  should  allow  the  integration  of  this 
molecularly-targeted  approach  with  currently  available 
cancer  treatments.  The  additive  or  synergistic  ther¬ 
apeutic  interaction  between  rhuMAb  HER2  and  a 
number  of  chemotherapeutic  drugs  suggests  that  such 
combinations  could  be  successfully  exploited  in  future 
human  clinical  trials. 


Materials  and  methods 

Multiple  drug  effect  analysis  oj  rhuMAh  HER2  in  combination 
with  cytotoxic  chemotherapeutic  agents  against  A/£/?-2/neu- 
overexpressing  SK-BR-3  breast  carcinoma  cells  in  vitro 

Aliquots  of  5x  10'  SK-BR-3  cells  were  plated  in  96-well 
microdilution  plates.  Following  cell  adherence  (24  h), 
experimental  media  containing  either  rhuMAb  HER2 
(Genentech,  Inc.  South  San  Francisco.  CA,  USA)  or 
control  media  was  added  to  appropriate  wells.  After 
incubation  for  24  h.  chemotherapeutic  agent  or  control 
solution  was  added  to  triplicate  wells  and  serial  twofold 
dilutions  were  performed  to  span  the  dose  range  (~EC,n-- 
EC)o)  suitable  for  the  dose-elTect  analysis  for  rhuMAb 
HER2  and  each  of  the  cytotoxic  drugs.  The  dose  ranges  for 
rhuMAb  HER2  and  each  drug  tested  in  these  experiments 
are  listed  in  Table  2.  We  have  previously  shown  that  these 
doses  are  relevant  to  drug, rhuMAb  HER2  concentrations 
achievable  in  human  subjects  (Pegram  et  aL,  1997,  1998). 
Eight  cytotoxic  drugs  representative  of  seven  different 
classes  of  cytotoxic  chemotherapeutic  agents  were  analysed 
including:  platinum  analogs  -  cisplatin  (CDDP;  Bristol 
Laboratories,  Princeton.  NJ.  USA):  anthracycline  antibio¬ 
tics  -  doxorubicin  (DOX:  Cetus  Corporation,  Emeryville, 
CA,  USA);  alkylating  agents  -  thiotepa  (TSPA;  Lederle 
Laboratories,  Pearl  River.  NY,  USA);  taxanes  -  paclitaxel 
(TAX;  Mead  Johnson.  Princeton.  NJ.  USA);  vinca 
alkaloids  -  vinblastine  (VBL;  Eli  Lilly  Co.,  Indianapolis, 
IN,  USA);  topoisomerase  II  inhibitors  -  etoposide  (VP-16; 
Bristol  Laboratories.  Princeton.  NJ.  USA);  and  antimeta¬ 
bolites  -  5-fluorouracil  (5-FU;  Solo  Park  Laboratories, 
Inc.,  Elk  Grove  Village.  IL.  USA)  and  methotrexate 
(MTX;  Immunex  Corporation.  Seattle,  WA.  USA). 

Following  incubation  for  72  h  (120  h  for  MTX)  plates 
were  washed  with  PBS  and  stained  with  0.5%  N- 
Hexamethylpararosaniline  (crystal  violet)  in  methanol. 
Sorenson's  buffer  (0.025  M  sodium  citrate,  0.025  M  citric 
acid  in  50%  ethanol)  0.1  ml  was  added  to  each  well,  and  the 
plates  were  analysed  in  an  ELISA  plate  reader  at  540  nm 
wavelength.  Absorbance  at  this  wavelength  correlates  with 
cell  survival  (Flick  and  Gifford.  1984;  Gillies  et  aL,  1986; 
Reile  et  ciL,  1990).  Absorbance  values  from  control  wells  in 
each  plate  were  compared  statistically  to  ensure  even  loading 
of  cells  from  plate  to  plate  for  each  experiment.  Multiple 
drug  effect  analysis  was  performed  using  computer  software 
(Biosoft.  Cambridge,  UK).  Details  of  this  methodology  have 
been  published  previously  (Chou  and  Talalay,  1984;  Bible 
and  Kaufmann,  1997).  Briefly,  the  log[(l/0-l]  was  plotted 
against  log  (drug  dose)  (Figure  1).  From  the  resulting  median 
effect  linens,  the  X-intercept  (log  EC50)  and  slope  m  were 
calculated  for  each  drug.  These  parameters  were  then  used  to 
calculate  doses  of  the  component  drugs  (and  combinations) 
required  to  produce  various  cytotoxicity  levels  according  to 
equation  (a).  For  each  level  of  cytotoxicity,  combination 
index  (Cl)  values  were  then  calculated  according  to  equation 
(b)  where  (D),  and  (D).  are  the  concentrations  of  the 
combination  required  to  produce  survival  f,  (DQi  and  (DO2 
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are  the  concentrations  of  the  component  drugs  required  to 
produce  f. 

Dose,  =  Dose  lC5n[(l-f)/fl'''"  (a) 

CI  =  (D),/(Df),  -(D),/(Df):  +  o(D)|(D),/(Df),(Df);  (b) 

The  CIs  were  calculated  based  on  the  conservathe 
assumption  of  mutually  nonexclusive  drug  interactions 
(a=l).  i.e.  cytotoxic  drugs  have  mechanisms  of  action 
unique  from  rhuMAb  HER2.  Statistical  tests  were  then 
applied  (student  /-test)  to  determine  if  the  mean  Cl  values 
resulting  from  separate  experiments  at  multiple  effect  levels 
were  significantly  different  from  CI=l. 


Western  blot  analysis 

MCF7  and  SK-BR-3  cells  were  allowed  to  incubate  with 
cytotoxic  drugs  at  the  ICm)  concentration  for  the  times 
indicated  in  Figure  2.  Following  drug  exposure,  cells  were 
allowed  to  incubate  with  monoclonal  anti-FIER-2  antibody 
4D5  (l2.5/fg/ml)  for  5  min  at  37X  or  recombinant 
heregulin  B-1  (10  nM)  for  15  min  at  37°C  or  control 
solufions.  Cells  were  then  washed  in  PBS  and  lysed  at 
4"C  in  20  mM  Tris  pH  8.0,  1%  Triton  X-100.  10%  glycerol, 
5  mM  EDTA,  1  mM  sodium  orthovanadate.  1  mM  phenyl- 
methyl-sulfonylfluoride.  leupeptin  1  pgjml  and  aprotinin 
1  /zg/ml.  Insoluble  material  was  cleared  by  centrifugation 
and  protein  was  quantitated  using  BCA  (Pierce  Biochem¬ 
icals.  Rockford.  IL,  USA),  resolved  by  SDS-PAGE,  and 
transferred  to  immobilon-P  (Millipore.  Bedford,  MA. 
USA).  PI 85”*^'^“"^"  protein  expression  was  detected  using 
'dnii-c-neu  (Oncogene  Science,  Uniondale,  NY,  USA);  and 
anti-phosphotyrosine  immunoblotting  was  performed  using 
monoclonal  antibody  PY20  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA,  USA). 


Cell  cycle  analysis 

SK-BR-3  or  MCF7  breast  cancer  cells  were  plated  at  a 
density  of  2x10'’ dish  in  60xl5-mm  culture  dishes  and 
allowed  to  adhere  overnight.  Monolayers  were  washed  with 
PBS  and  allowed  to  incubate  with  media  containing  anti- 
HER-2  or  control  antibodies  at  concentrations  of  O.Ol- 
10  //g/ml.  Following  72  h  incubation,  cells  were  trypsi- 
nized.  washed  with'PBS,  fixed  in  ice-cold  methanol,  and 
stored  at  -IWC.  Fixed  cells  were  then  washed  twice  with 
PBS  and  allowed  to  incubate  with  RNAse  100  ^g  ml 
(Worthington  Biochemical)  for  30  min  at  37X.  Following 
centrifugation,  nuclei  were  subjected  to  propidium  iodide 
50  pg!m\  (Molecular  Probes,  Inc.)  staining  in  PBS.  Samples 
were  analysed  by  flow  cytometry  (Epics  Elite,  Coulter 
Corporation)  using  Modfit  LT  software  (Verity  Software 
House). 

Analysis  of  rhuMAb  HER2  in  combination  with  cytotoxic 
chemotherapeutic  drugs  against  HER-2lnQU-overexpressing 
breast  carcinoma  xenografts  in  vivo 

HER-2//iew-transfected  MCF7  cells  which  express  high 
levels  of  pl85^^’''-”‘"  and  form  xenografts  in  athymic  mice 
were  injected  subcutaneously  (s.q.)  at  -1.0x10^  cells/ 
tumor  in  the  mid-back  region  of  4 -6- week-old,  female. 
CD-I  (nujnu),  athymic  mice  (Charles  River  Laboratories, 
Wilmington,  MA.  USA).  Prior  to  cell  injection,  ail  mice 
were  primed  with  17^-estradiol  (Innovative  Research  of 
America,  Sarasota,  FL,  USA)  applied  s.q.  (1.7  mg 
estradiol/pellet)  to  promote  tumor  growth.  Tumor 
volumes,  calculated  as  the  product  of  length,  width,  and 
depth,  were  monitored  twice  weekly  by  serial  micrometer 
measurements  by  a  single  observer.  Five  to  ten  animals 
were  randomly  assigned  to  each  treatment  group. 


2250 


Anti-HER-2/neu  antibody  and  chemotherapy  combinations 

M  Pegram  et  al 


Statistical  tests  were  performed  (single-factor  ANOVA)  to 
assure  uniformity  in  starting  tumor  volumes  between 
treatment  and  control  groups  at  the  beginning  ot  each 
experiment.  All  drugs,  with  the  exception  of  VP- 16  which 
was  administered  s.q.,  were  administered  by  intraperitoneal 
(i.p.)  injection.  The  dosage  of  chemotherapeutic  agents 
tested  were  as  follows:  DOX  (5  mg  kg,  day  1),  MTX 
(2  mg/kg.  days  1-5).  VP- 16  (20  mg  kg.  days  1-3),  5-FU 
(16  mg/kg,  days  1-4),  VBL  (0.8  mg  kg,  days  1  and  2), 
cyclophosphamide  (CPA:  80  mg/kg.  days  0,  4  and  8)  and 
TAX  (15  mg/kg,  days  1-3).  These  doses  were  based  on 
independent  dose-finding  experiments  conducted  in  our 
laboratory  and  were  near  the  maximum-tolerated  dose  for 
this  specific  age  and  strain  of  female  athymic  mice.  To 
assure  accurate  dosing,  drug  doses  were  individualized 
based  upon  animal  weights  determined  immediately  prior 
to  each  injection.  Treatment  with  control  antibody, 
cytotoxic  drug,  rhuMAb  HER2,  or  the  combination  was 
initiated  9-14  days  status  post  xenograft  inoculation  at 
which  time  xenograft  volumes  measured  ^50-  100  mm-\ 
Differences  in  day  21  xenograft  volumes  between  groups 
were  analysed  by  single-factor  ANOVA  of  the  log 
transformed  tumor  volume  data.  Three  dosing  schedules 
of  rhuMAb  HER2  were  used  for  these  experiments.  All 
dosing  schedules  were  designed  to  achieve  target  serum 
concentrations  of  ^  10-20 /tg/ml  during  the  time  che- 
motherapeutics  agents  were  administered.  For  the  m  v/vo 
experiments  with  MTX,  VP-16,  5-FU,  and  VBL,  the 
loading  dose  of  rhuMAb  HER2  was  8  mg/kg,  and  the 
weekly  maintenance  dose  was  4  mg  kg.  For  the  experi¬ 
ments  with  DOX  and  CPA,  the  dose  ot  rhuMAb  FIER2 
was  10  mg/kg,  days  0,  4,  and  8.  And  for  the  in  vivo 
experiment  with  TAX,  the  rhuMAb  HER2  dose  was 
10  mg/kg  twice  per  week.  Human  myeloma  IgG, 
(Calbiochem-Novabiochem,  La  Jolla.  CA,  USA)  served 
as  the  control  antibody  for  these  experiments  and  was 
administered  at  the  same  dose  and  dose  interval  as 
rhuMAb  HER2. 

Measurement  of  rhuMAb  HER2  in  murine  serum 

The  trough  concentration  of  rhuMAb  HER2  in  mouse 
serum  was  measured  using  an  ELISA  with  the  extracellular 
domain  (ECD)  of  pi 85"' as  the  coat  antigen.  In  this 
format,  100  i.i\  of  pl85"'-^- (Genentech.  Inc.)  was  added 
to  MaxiSorp  96-welI  microtiter  plates  (Nunc,  Roskilde, 
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Denmark)  at  1  mg/ml  in  0.05  M  sodium  carbonate,  pH  9.6. 
After  overnight  incubation  at  2-8  C,  plates  were  washed 
three  times  with  ELISA  wash  buffer  (PBS  containing 
0.05%  Tween-20)  using  a  Biotek  EL304  platewasher  (Bio- 
tek  Instruments,  Inc.,  Winooski,  VT,  USA).  Plates  were 
then  blocked  with  200  /d  well  of  ELISA  diluent  (PBS 
containing  0.5%  BSA,  0.05%  Tween-20,  and  0,05% 
Proclin300.  pH  7.2)  for  l~2h  at  ambient  temperature 
with  agitation.  After  blocking,  plates  were  washed  again 
three  times  with  ELISA  wash  buffer.  Subsequently,  100  /d 
of  standards,  samples,  or  controls  were  added  to  duplicate 
wells  and  allowed  to  incubate  for  1  h  at  ambient 
temperature.  After  incubation,  the  plates  were  washed  six 
times  in  ELISA  wash  buffer,  and  100  /d  of  PBS,  pH  7.2. 
containing  2.2  mmol  orthophenylene  diamine  (OPD), 
(Sigma  Chemical  Co.)  and  0.012%  (vol/vol)  hydrogen 
peroxide  (H2O2;  Sigma  Chemical  Co.)  were  added  to  each 
well.  When  color  had  fully  developed,  the  reaction  was 
quenched  with  100  ^1/weIl  of  4.5  molar  sulfuric  acid. 
Absorbence  values  at  492  nm  minus  405  nm  reference 
absorbence  were  measured  using  an  automatic  plate  reader 
(Molecular  Devices,  Palo  Alto,  CA,  USA).  A  4-parameter 
curve  fit  program  was  used  to  generate  the  standard  curve, 
from  which  sample  and  control  concentrations  were 
interpolated  (SOFTmax).  The  standard  curve  range  for 
the  assay  was  1.56-  100  mg  ml. 

Detection  of  p  185^ ^^'‘‘'''''"extracellular  domain  in  murine  serum 

The  method  for  detection  of  shed  HER-2//?ew  extracellular 
domain  (ECD)  levels  in  serum  has  been  described  in  detail 
elsewhere  (Sias  et  al.,  1990).  Briefly,  the  ELISA  employs 
pairs  of  anti-HER-2/New  monoclonal  antibodies  (Genen¬ 
tech,  Inc.)  which  recognize  mutually  exclusive  determinants 
of  the  extracellular  domain  of  pi 85"^'^*^'"'’".  Wells  were 
coated  overnight  at  4°C  with  MAb  7F3  which  does  not 
compete  with  rhuMAb  HER2  ECD  binding.  Assay 
standards  (recombinant,  pl85"^'^" ECD)  and  murine 
serum  samples  were  added  to  appropriate  wells  and 
allowed  to  incubate  for  2  h.  Following  a  wash  step, 
secondary  antibody  was  added  (MAb  4D5  to  detect  free 
shed  HER-2  ECD,  and  MAb  2C4  to  detect  total  shed 
HER-2  ECD)  for  2  h.  The  bound  conjugate  is  detected 
with  OPD  substrate  and  the  resulting  absorbence  is 
measured  at  490  nm  wavelength.  The  range  of  the  assay 
is  8.3-  1800  ng/ml. 
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ABSTRACT 

The  management  of  human  breast  cancer  frequently  includes  radiation 
therapy  as  an  important  intervention,  and  improvement  in  the  clinical 
efficacy  of  radiation  is  desirable.  Overexpression  of  the  HER-2  growth 
factor  receptor  occurs  in  25-30%  of  human  breast  cancers  and  correlates 
with  poor  clinical  outcome,  including  earlier  local  relapse  following  con¬ 
servative  surgery  accompanied  by  radiation  therapy.  In  breast  cancer 
cells  with  overexpression  of  HER-2  receptor,  recombinant  humanized 
monoclonal  antibodies  (rhuMAbs)  to  HER-2  receptors  (rhuMAb  HER-2) 
decrease  cell  proliferation  in  vitro  and  reduce  tumor  formation  in  nude 
mice.  Therapy  with  rhuMAb  HER-2  enhances  tumor  sensitivity  to  radi¬ 
ation  at  doses  of  1-5  Gy,  exceeding  remission  rates  obtained  with  radiation 
alone.  This  benefit  is  specific  to  cells  with  HER-2  overexpression  and  does 
not  occur  in  cells  without  overexpression.  Treatment  of  cells  with  radia¬ 
tion  (2-4  Gy)  alone  provokes  a  marked  increase  in  unscheduled  DNA 
synthesis,  a  measure  of  DNA  repair,  but  HER-2-overexpressing  cells 
treated  with  a  combination  of  rhuMAb  HER-2  and  radiation  demonstrate 
a  decrease  of  unscheduled  DNA  synthesis  to  25-44%  of  controls.  Using  an 
alternate  test  of  DNA  repair,  i.c,,  radiation-damaged  or  undamaged  re¬ 
porter  DNA,  we  introduced  a  cytomegalovirus-driven  /3-galactosidase  into 
HER-2-overexpressing  breast  cancer  cells  that  had  been  treated  with 
rhuMAb  HER-2  or  control.  At  24  h  posttransfection,  the  extent  of  repair 
assayed  by  measuring  reporter  DNA  expression  was  high  after  exposure 
to  radiation  alone  but  significantly  lower  in  cells  treated  with  combined 
radiation  and  rhuMAb  HER-2  therapy.  To  further  characterize  effects  of 
rhuMAb  HER-2  and  the  combination  of  antibody  and  radiation  on  cell 
grovrth,  analyses  of  cell  cycle  phase  distribution  were  performed.  Anti¬ 
body  reduces  the  fraction  of  HER-2-overexpressing  breast  cancer  cells  in 
S  phase  at  24  and  48  h.  Radiation  treatment  is  also  known  to  promote  cell 
cycle  arrest,  predominantly  at  Gj,  with  low  S-phase  fraction  at  24  and 
48  h.  In  the  presence  of  rhuMAb  HER-2,  radiation  elicits  a  similar 
reduction  in  S  phase  at  24  h,  but  a  significant  reversal  of  this  arrest 
appears  to  begin  48  h  postradiation  exposure.  The  level  of  S-phase  fraction 
at  48  h  is  significantly  greater  than  that  found  at  24  h  with  the  combined 
antibody-radiation  therapy,  suggesting  that  early  escape  from  cell  cycle 
arrest  in  the  presence  of  antireceptor  antibody  may  not  allow  sufficient 
time  for  completion  of  DNA  repair  in  HER-2-overexpressing  cells.  Be¬ 
cause  it  is  well  known  that  failure  of  adequate  p21WAFl  induction  after 
DNA  damage  is  associated  with  failure  of  cell  cycle  arrest,  we  also  assessed 
the  activity  of  this  critical  mediator  of  the  cellular  response  to  DNA 
damage.  The  results  show  induction  of  p21WAFl  transcripts  and  protein 
product  at  6,  12,  and  24  h  after  radiation  treatment;  however,  increased 
levels  of  p21WAFl  transcript  and  protein  are  not  sustained  in  HER-2- 
overexpressing  cells  exposed  to  radiation  in  the  presence  of  rhuMAb 
HER-2.  Although  transcript  and  protein  levels  increase  at  6-12  h,  they  are 
both  diminished  by  24  h.  Levels  of  p21WAFl  transcript  and  protein  at 
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24  h  are  significantly  lower  than  in  cells  treated  by  radiation  without 
antibody.  A  reduction  in  the  basal  level  of  p21WAFl  transcript  also 
occurred  after  12-24  h  exposure  to  antibody  alone.  The  effect  of  HER-2 
antibody  may  be  related  to  tyrosine  phosphorylation  of  p21WAFl  protein. 
Tyrosine  phosphorylation  of  p21WAFl  is  increased  after  treatment  with 
radiation  alone,  but  phosphorylation  is  blocked  by  combined  treatment 
with  antireceptor  antibody  and  radiation.  This  dysregulation  of  p21WAFl 
in  HER-2-overexpressing  breast  cells  after  treatment  with  rhuMAb 
HER-2  and  radiation  appears  to  be  independent  of  p53  expression  levels 
but  does  correlate  with  reduced  levels  of  mdm2  protein.  These  data 
indicate  that  human  breast  cancer  cells  damaged  by  radiation  may  be 
especially  vulnerable  to  injury  if  they  are  also  deprived  of  essential  signal 
transduction  pathways  provided  by  the  HER-2  growth  factor  receptor 
pathway. 

INTRODUCTION 

In  patients  with  breast  cancer,  adjuvant  radiation  therapy  is  an 
important  therapeutic  intervention  following  breast  conservation  sur¬ 
gery  (1,  2).  Radiation  therapy  is  also  recommended  after  total  mas¬ 
tectomy  and  lymph  node  dissection  for  women  with  large  primary 
cancers  or  extensive  lymph  node  metastasis.  Despite  these  interven¬ 
tions,  however,  local  recurrence  still  accounts  for  an  estimated  30- 
50%  of  all  first  recurrences  in  subgroups  of  patients  (2).  Given  these 
data,  it  is  clear  that  improvement  in  the  efficacy  of  adjuvant  radiation 
therapy  is  desirable.  The  response  of  breast  malignancies  to  ionizing 
radiation  is  commonly  the  result  of  DNA  injury.  Human  cells  exhibit 
complex  responses  to  DNA  damage,  including  activation  of  genes 
involved  in  cell  cycle  arrest,  DNA  repair,  and  apoptosis.  Recent 
findings  suggest  that  the  cellular  response  to  DNA  damage  is  mark¬ 
edly  impaired  by  deprivation  of  essential  growth  factors  or  by  block¬ 
ade  of  growth  factor  receptors  (2,  3).  Signal  transduction  pathways 
mediated  by  receptor  tyrosine  kinases  and  protein  kinase  C  appear  to 
be  important  for  the  induction  of  many  of  the  genes  related  to  key 
cellular  functions  that  permit  the  cell  to  survive  a  dose  of  radiation. 
Specific  blockade  of  these  pathways  in  tumor  cells  may  provide 
attractive  targets  for  increasing  the  cytotoxic  effects  of  radiation. 
Growth  factors  and  their  receptors  also  play  a  pivotal  role  in  the 
regulation  of  human  breast  cell  growth  and  differentiation.  Among 
growth  factor  receptors,  the  most  frequently  implicated  in  the  patho¬ 
genesis  of  human  breast  cancer  have  been  members  of  the  erb  B 
receptor  family,  especially  the  HER-2  (erb  B2)  protein,  a  185,000 
transmembrane  receptor  tyrosine  kinase  encoded  by  HER-2/neM 
proto-oncogene  (4).  HER-2  is  amplified  and  overexpressed  in  25- 
30%  of  human  breast  cancers  (5-8),  and  overexpression  of  the  struc¬ 
turally  unaltered  HER-2  gene  leads  to  neoplastic  transformation  of 
NIH-3T3  cells  (9-11)  and  immortalized  human  breast  cells  (8,  12), 
indicating  that  this  alteration  plays  a  pathogenic  role  in  promoting 
tumorigenicity  of  nonmalignant  cells.  Monoclonal  antibodies  against 
the  extracellular  domain  of  HER-2  specifically  inhibit  the  growth  of 
human  breast  carcinoma  cells  overexpressing  the  HER-2  gene  product 
(8).  Amplification  of  the  HER-2  oncogene  has  also  been  shown  to 
correlate  with  distant  relapse  and  overall  patient  survival  in  patients 
with  breast  cancer  (5-8,  13-15).  More  recently,  overexpression  of 
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HER-2  has  been  found  to  correlate  with  the  risk  for  local  relapse  in 
patients  treated  only  with  conservative  surgery  and  radiation  (16). 

A  potential  correlation  between  HER-2  receptor  overexpression 
and  sensitivity  to  DNA  damage  from  chemotherapeutic  drugs  and 
radiation,  derived  from  several  laboratory  studies,  may  prove  to  be 
clinically  useful.  The  initial  studies  implicating  an  interaction  between 
inhibitors  of  type  I  receptor  tyrosine  kinases  by  antibodies  and  re¬ 
sponse  to  DNA-damaging  agents  were  part  of  the  studies  of  the  EGF^ 
receptor.  These  studies  indicated  a  synergistic  effect  between  antibod¬ 
ies  to  EGF  receptor  and  the  chemotherapeutic  drug,  cisplatin  (17). 
This  combined  treatment  elicited  a  significant  reduction  in  both  the 
number  and  size  of  epidermoid  cancers  grown  as  s.c.  xenografts  in 
athymic  mice  (see  also  Ref.  18).  EGF  is  also  reported  to  enhance  the 
sensitivity  of  human  squamous  carcinoma  cells  to  radiation  therapy 
(19).  The  potential  role  of  proto-oncogenes  for  EGF  and  HER-2 
receptors  in  the  modulation  of  sensitivity  to  radiation  has  also  been 
suggested  from  limited  laboratory  studies  (20,  21).  We  have  shown 
that  blockade  of  the  HER-2  receptor  in  human  breast  cancer  cells 
using  an  anti-HER-2  antibody  promotes  a  synergistic  antitumor  effect 
when  combined  with  the  DNA-damaging  drug,  cisplatin  (22),  and  that 
the  signal  generated  by  antibody  binding  to  HER-2  receptors  may 
block  DNA  repair  in  HER-2-overexpressing  cells  (23).  Nerve  growth 
factor  is  also  known  to  reduce  DNA  repair  induced  by  UV  radiation 
and  to  slow  removal  of  DNA  adducts  induced  by  benzo(a)pyrene  in 
neuroblastoma  cells  (24).  However,  the  specific  molecular  pathways 
used  by  cells  for  suppression  of  DNA  repair,  which  are  triggered  by 
ligand  (or  antireceptor  antibody)  interactions,  remain  unclear.  The 
tumor  suppressor  gene  product  p53  is  a  critical  mediator  of  the 
cellular  response  to  DNA  damage.  Both  cell  cycle  arrest  (25)  and 
programmed  cell  death  (26)  after  DNA  damage  due  to  ionizing 
radiation  are  closely  linked  to  p53  function.  Recent  data  further 
suggest  that  p53  may  be  critical  in  the  repair  of  DNA  damage  (27). 
Many  of  the  effects  of  p53  can  be  attributed  to  the  function  of 
downstream  p53-regulated  genes,  including  pllWAFl,  also  known  as 
Cipl,  sdil,  or  CAP20,  that  codes  for  a  M^.  21,000  protein  (p21WAFl; 
Ref.  28).  Cell  cycle  checkpoints  on  progression  of  cells  through  the 
Gj  and  into  S  phase  are  controlled  by  protein  kinases,  the  CDKs,  as 
well  as  their  activating  partners,  the  cyclins.  Binding  of  cyclin/CDK 
complexes  by  p21WAFl  leads  to  inhibition  of  cyclin/CDK  and  results 
in  cell  cycle  arrest  (28,  29).  Many  of  these  responses  to  DNA  damage 
are  regulated,  in  turn,  by  growth  factor  signaling  pathways  (3,  30). 
Recent  reports  show  p53-independent  activation  of  p21WAFl  by 
MAP  kinase  signaling  (31).  In  addition,  withdrawal  of  growth  factors 
in  vitro  has  been  associated  with  down-regulation  of  p21WAFl  ex¬ 
pression  and  enhanced  cell  killing  in  response  to  DNA  damage  (3). 

Here,  we  tested  the  hypothesis  that  DNA  damage  induced  by 
external-beam  radiation  can  be  combined  with  agents  designed  to  act 
selectively  against  cells  in  which  the  HER-2  receptor  pathway  is 
altered  for  therapeutic  advantage.  Cross-communication  between 
DNA  damage  response  pathways  involving  p21WAFl  and  growth 
factor  signaling  pathways,  i,e.,  HER-2,  is  evaluated  in  breast  cancer 
cells  with  HER-2  overexpression. 

MATERIALS  AND  METHODS 

Cell  Lines  and  Cell  Culture.  The  human  breast  carcinoma  cell  line, 
SKBR3,  constitutively  overexpresses  the  HER-2  gene  and  was  obtained  from 
the  American  Type  Culture  Collection  (Manassas,  VA).  Stable  retroviral 
transfectants  of  MCF-7  human  breast  cancer  cells  that  overexpress  the  HER-2 


^  The  abbreviations  used  are:  EGF,  epidermal  growth  factor;  CDK,  cyclin-dependent 
kinase;  MAP  kinase,  mitogen-activated  protein  kinase;  rhuMAb,  recombinant  humanized 
monoclonal  antibody;  DCC,  dextran-coated  charcoal;  UDS,  unscheduled  DNA  synthesis; 
CMV,  cytomegalovirus;  PCNA,  proliferating  cell  nuclear  antigen. 


receptor  (MCF-7/HER-2)  have  been  prepared  (11,  22).  Cells  infected  with  a 
control  retroviral  vector  not  containing  the  HER-2  gene  (MCF-7/CON)  as  well 
as  parental  cells  not  infected  with  retrovirus  (MCF-7/PAR)  were  used  as 
controls  in  in  vitro  and  in  vivo  experiments.  AH  cells  were  routinely  cultured 
in  RPMI  1640  supplemented  with  10%  heat-inactivated  fetal  bovine  serum,  2 
mM  freshly  added  glutamine,  and  1%  penicillin  G-streptomycin-fungizone 
solution  (Irvine  Scientific,  Santa  Ana,  CA). 

Anti-HER-2  Receptor  Monoclonal  Antibodies.  rhuMAb  to  HER-2  re¬ 
ceptor  (rhuMAb  HER-2;  generously  provided  by  Genentech,  South  San  Fran¬ 
cisco,  CA),  derived  from  the  murine  monoclonal  antibody  4D5,  is  directed  to 
an  extracellular  epitope  of  HER-2  receptor.  Antibodies  were  prepared  as 
described  in  detail  elsewhere  (32,  33).  Control  experiments  were  conducted 
with  nonspecific  IgG  of  the  same  class  and  isotype  to  verify  the  specificity  of 
any  observed  effects. 

Tumor  Formation  in  Nude  Mice.  Human  breast  cancer  cells  were  inoc¬ 
ulated  s.c.  at  5  X  10’  cells/animal  in  the  hind  thighs  of  3-month-old  female 
athymic  mice.  Prior  to  inoculation,  mice  were  primed  for  10-14  days  with 
17j3-estradiol  applied  s.c.  in  a  biodegradable  carrier-binder  (1.7  mg  of  estradiol 
per  pellet)  to  promote  growth  of  these  estrogen-dependent  breast  cancer  cells. 
Tumor  nodules  were  monitored  by  dimension  measurements  (in  mm).  Five  to 
six  animals  were  included  in  each  treatment  group,  with  randomization  by 
body  weight  and  tumor  nodule  size  at  the  start  of  each  experiment.  Antibody 
treatment  was  initiated  when  tumors  grew  to  >50  mm^  in  size  in  one  set  of 
experiments  or  to  >350  mm^  in  size  in  independent  studies.  Monoclonal 
antibody  and  control  solutions  were  administered  by  i.p.  injection.  The 
rhuMAb  HER-2  antibody  was  given  at  a  dose  of  5  or  10  mg/kg  animal  weight 
in  three  doses  at  4-day  intervals  (over  12  days).  Control  injections  included 
human  IgGl  (5  or  10  mg/kg),  given  on  a  similar  treatment  protocol.  Radiation 
treatments  were  designed  to  mimic  protocols  in  use  in  the  clinic,  and  radiation 
to  tumors  growing  s.c.  on  a  peripheral  rear  extremity  was  performed  with 
special  planning  to  avoid  inappropriate  radiation  exposure  to  non-tumor¬ 
bearing  sites.  Mice  were  sacrificed  for  pathological  examination  under  super¬ 
vision  of  the  institutional  veterinarian.  Euthanasia  technique  was  cervical 
dislocation,  which  is  consistent  with  the  recommendations  of  the  Panel  on 
Euthanasia  of  the  American  Veterinary  Medical  Association.  Tumors  were 
analyzed  to  confirm  HER-2  expression  by  immunohistochemistry  as  described 
elsewhere  (6). 

Measurement  of  Cell  Cycle  Phase  Distribution.  MCF-7  cells  with 
HER-2  overexpression  were  plated  on  plastic  at  low  density  and  allowed  to 
adhere.  After  48  h,  the  monolayers  were  washed  with  PBS  and  incubated  in 
medium  with  1%  DCC-stripped  FCS  to  arrest  cell  growth.  After  48  h,  this 
medium  was  replaced  with  medium  containing  either  1  %  DCC-treated  FCS  or 
10%  FCS  with  or  without  200  jug/ml  monoclonal  antibody  to  the  HER-2 
receptor.  Cells  in  medium  with  10%  FCS  but  without  antibody  were  treated 
with  4  Gy  of  radiation,  and  cells  with  10%  FCS  plus  200  /xg/ml  antibody  were 
similarly  treated.  Cells  from  all  treatment  groups  were  incubated  further  for  24 
or  48  h.  Cells  were  then  prepared  for  cell  cycle  analysis  by  established 
methods,  using  DNA  staining  with  propidium  iodide  and  flow  cytometry  (34). 
The  proportion  of  cells  in  S  phase  was  quantitated  to  assess  effects  of  DNA 
damage  and  modulation  by  the  antibody  (34). 

Measurement  of  DNA  Repair.  UDS,  a  type  of  DNA  repair  that  is  non¬ 
semiconservative  in  nature,  is  a  well-established  measure  of  the  effects  of 
ionizing  radiation  (22,  35).  Using  methods  detailed  previously  (22),  we  meas¬ 
ured  UDS  by  autoradiographic  approaches  (36)  in  parent  and  daughter  cells 
with  and  without  exposure  to  antireceptor  antibody  and  radiation,  either  given 
alone  or  in  combination.  Treatment  with  antibody  (200  /xg/ml)  occurred  for  4  h 
before  exposure  to  radiation. 

An  alternate  measure  of  DNA  repair  involved  introduction  of  radiation- 
damaged  or  reporter  DNA  into  breast  tumor  cells.  Prior  to  transfection,  a 
reporter  DNA,  CMV-driven  j3-galactosidase  (pCMV-/3;  Clontech),  was  pre¬ 
pared  with  or  without  exposure  to  ionizing  radiation  in  vitro,  using  methods 
reported  previously  (37).  For  transfection  experiments,  cells  were  plated  24  h 
prior  to  transfection,  and  transfections  with  internal  controls  to  measure  trans¬ 
fection  efficiency  were  carried  out  as  described  previously  (37,  38).  Undam¬ 
aged  or  radiation-damaged  DNA  (1.5  pg)  was  used  in  these  transfection 
experiments.  At  24  h  posttransfection,  the  extent  of  repair  was  assayed  by 
measuring  reporter  DNA  expression.  The  transfected  cells  were  stained  with 
5-bromo-4-chloro-3-indolyl-jS-D-galactopyranoside,  a  substrate  for  j8-galacto- 
sidase,  to  distinguish  between  j8-galactosidase-positive  and  -negative  cells.  In 
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the  presence  of  substrate,  cells  expressing  bacterial  j8-galactosidase  appeared 
blue,  and  the  percentage  of  stained  cells  was  quantitated. 

Measurement  of  p21WAFl  Transcript  and  Protein  Levels.  Transcripts 
of  p21WAFl  were  determined  by  Northern  blot  analysis,  using  established 
protocols  (5,  6,  28,  38).  In  brief,  breast  cancer  cells  with  and  without  HER-2 
overexpression  were  treated  with  or  without  rhuMAb  HER-2  for  4-24  h  before 
exposure  to  radiation  (0-20  Gy).  Cells  were  then  maintained  for  6,  12,  or  24  h 
prior  to  harvesting  and  processing  for  collection  of  RNA.  After  Northern  blot 
analysis,  the  resulting  blots  were  hybridized  with  p21WAFl  cDNA  (2.1  kb, 
Not\\  Ref.  28).  In  control  studies,  some  blots  were  hybridized  with  cDNA  for 
human  p53  (2.0-kb  BamWl  fragment)  or  human  cyclin  D  (American  Type 
Culture  Collection).  These  probes  were  ^^P-labeled  by  a  random  priming 
method  (39). 

Western  analyses  of  the  level  of  p21WAFl  protein  in  breast  cancer  cells 
were  conducted  with  methods  described  previously  (38).  We  assessed 
p21WAFl  protein  in  response  to  DNA  damage  in  breast  cancer  cells  in  the 
presence  and  absence  of  growth  factor  receptor  antibody.  Breast  cancer  cells 
with  and  without  HER-2  overexpression  were  treated  with  100  jitg/ml  rhuMAb 
HER-2  for  4-24  h  before  exposure  radiation.  Cells  were  then  maintained  for 
6  and  24  h  prior  to  harvesting  and  processing  of  cell  lysates  for  electrophoresis 
(38).  Immunoblotting  was  performed  with  MAb  6B6  with  specificity  for 
human  p2iWAFl  (PharMingen).  In  other  control  studies,  immunoblotting  was 
also  performed  with  monoclonal  antibodies  to  PCNA  (Santa  Cruz  Biotechnol¬ 
ogy),  p53  (PAbl801,  AB-2;  Oncogene  Science),  mdm2  (Oncogene  Research 
Products),  and  bcl-2  (Transduction  Laboratories). 

RESULTS 

Sensitivity  of  Breast  Cancer  Cells  with  HER-2  Overexpression 
to  Radiation  and  Effects  of  Anti-HER-2  Antibody.  We  have  di¬ 
rectly  compared  the  in  vitro  radiation  sensitivities  of  parental  breast 
cancer  cells  with  normal  expression  levels  of  HER-2  to  that  of 
matched  daughter  cells  containing  HER-2  overexpression  (Fig.  lA). 
Survival  curves  were  obtained  after  treatment  of  cells  with  graded 
doses  of  ionizing  radiation  at  a  dose  rate  of  1  Gy/min  with  doses  of  0, 
1,  2,  4,  and  5  Gy.  After  the  radiation  treatment,  cells  were  placed  into 
35-mm  dishes  and  cultured  for  14  days,  with  the  surviving  fractions 
quantitated  at  day  14  (20).  Irradiation  of  MCF-7/HER-2  cells  in  vitro 
resulted  in  a  D^q  (the  dose  required  to  reduce  cell  survival  to  10%) 
that  was  increased  by  —25%  relative  to  MCF-7/control  cells  (Fig.  lA). 
These  analyses  suggest  a  potential  biological  role  of  the  HER-2 
oncogene  in  resistance  to  radiation  treatment.  Alternatively,  this  ap¬ 
parent  difference  in  sensitivity  could  be  the  result  of  a  differential 
growth  rate  because  HER-2-overexpressing  cells  have  been  found  to 
exhibit  more  rapid  regrowth  than  control  cells  following  the  initial 
response  to  chemotherapy  (40). 

To  evaluate  the  in  vitro  effect  of  radiation  combined  with  antibod¬ 
ies  to  HER-2,  we  conducted  studies  using  the  transfected  MCF-7  cells 
(Fig.  lA)  as  well  as  the  naturally  HER-2-overexpressing  SKBR3 
breast  cancer  cells  (Fig.  IR).  Cells  cultivated  either  on  plastic  (MCF- 
7/HER-2  cells)  or  in  soft  agar  plates  (SKBR3  cells)  with  or  without 
rhuMAb  HER-2  were  treated  with  or  without  radiation  prior  to  incu¬ 
bation  in  vitro  (see  Fig.  1).  These  data  show  that  anti-HER-2  receptor 
antibody  enhances  radiation-induced  killing  of  human  breast  cancer 
cells  with  HER-2  overexpression. 

In  Vivo  Effects  of  Ionizing  Radiation  Combined  with  Anti- 
HER-2  Antibody  on  Human  Breast  Cancer  Xenografts.  To  eval¬ 
uate  the  efficacy  of  radiation  therapy  with  rhuMAb  HER-2  on  the 
growth  of  MCF-7/HER-2  xenografts,  we  inoculated  cells  into  estro¬ 
gen-primed  female  athymic  mice  for  14  days  and  allowed  them  to 
grow  to  50-100  mm^  prior  to  randomization  into  four  groups.  Treat¬ 
ment  groups  included  control  human  IgGl  at  30  mg/kg  (Fig.  2A, 
CON),  radiation  at  4  Gy  with  human  IgGl  {RT),  rhuMAb  HER-2  at  30 
mg/kg  {MAb),  or  combined  radiation/rhuMAb  {RT/MAb)  therapy  (Fig. 
2A).  Doses  of  antibody  or  IgGl  were  administered  in  divided  doses  on 


Fig.  1.  Human  breast  cancer  cells  with  overexpression  of  HER-2  growth  factor  receptor 
show  radiation  resistance  that  can  be  reversed  by  treatment  with  antibody  to  HER-2 
receptors.  A,  survival  curves  were  obtained  for  cells  after  treatment  with  graded  doses  of 
ionizing  radiation  at  a  dose  rate  of  1  Gy/min  with  doses  of  0,  1,  2,  4,  and  5  Gy.  The 
treatment  groups  included  MCF-7  control  breast  cancer  cells  with  low-expression  of 
HER-2  {CON,  •),  HER-2-overexpressing  MCF-7  breast  cancer  cells  {HER-2,  ■),  and 
HER-2-overexpressing  MCF-7  cells  treated  with  rhuMAb  to  HER-2  receptor  at  200  p.g/ml 
beginning  2  h  prior  to  radiation  {HER-2/MAb,  A).  After  radiation  treatment,  cells  were 
divided  into  35-mm  dishes  and  cultured  over  14  days.  Data  points,  means  from  three 
experiments;  bars,  SE.  Effects  of  HER-2  gene  overexpression  on  increased  cell  survival 
are  significantly  different  from  control  {P  <  0.05),  and  treatment  with  antibody  to  HER-2 
receptor  is  associated  with  a  reversal  of  this  radioresistance  {P  <  0.05).  Dq,  the  final  slope 
of  the  radiation  dose-cell  survival  curve,  is  1.03  ±  0.14  for  HER-2-overexpressing  cells, 
0.79  ±  0.06  for  control  cells,  and  0.44  ±0.17  for  HER-2-overexpressing  cells  treated  with 
HER-2  antibody,  with  the  latter  Dq  significantly  different  from  that  of  both  HER-2- 
overexpressing  and  control  cells  {P  <  0.001).  B,  human  breast  cancer  cells  with  natural 
overexpression  of  HER-2  receptor,  SKBR3,  were  treated  in  vitro  with  rhuMAb  HER-2  at 
0-200  juig/ml,  without  radiation  {CON)  or  with  adjuvant  radiation  treatment  at  2  Gy  {RT). 
To  study  the  effect  of  rhuMAb  HER-2  on  anchorage-independent  growth,  we  plated  cells 
at  a  density  of  2.5  X  10"^  cells  per  6-cm  dish  in  triplicate.  The  dishes  consist  of  0.4%  (w/v) 
agar  bottom  layers  and  a  0.2%  (w/v)  agar  top  layers.  Cells  were  plated  in  between  the 
latter  two  layers  with  rhuMAb  HER-2  or  control  solution.  Plates  were  irradiated  at  2  Gy 
or  maintained  as  nonirradiated  controls  and  then  incubated  at  37°C/5%  CO2  for  3  weeks, 
at  which  time  colonies  were  counted.  Treatment  with  antibody  to  HER-2  receptor  in 
combination  with  radiation  elicits  reduced  colony  formation  in  agar  compared  to  the  effect 
of  antibody  therapy  alone  {P  <  0.01). 


days  1,  4,  and  7.  Those  groups  treated  with  radiation  received  a 
treatment  4  h  after  administration  of  antibody  or  control  IgGl  on  days 
1,4,  and  7.  Tumor  nodules  were  monitored  through  day  49.  The  effect 
of  repeated  doses  of  rhuMAb  HER-2  with  or  without  ionizing  radia¬ 
tion  on  tumor  volume  in  the  various  groups  was  measured  (Fig.  2A). 
In  mice  receiving  low  doses  of  radiation  with  control  IgG  (Fig.  2A, 
RT),  mean  tumor  volumes  were  not  significantly  reduced  over  the 
7-week  observation  period,  and  no  tumor  remissions  were  observed 
compared  to  controls  (CON),  Tumors  treated  with  rhuMAb  HER-2 
alone  {MAb)  also  failed  to  show  significant  growth  reduction  com¬ 
pared  to  controls  and,  again,  no  tumor  remissions  were  noted.  In 
contrast,  combined  radiation-antibody  therapy  produced  marked  re¬ 
duction  in  tumor  volumes  over  the  7-week  treatment  period  compared 
to  control  or  either  treatment  alone  {P  <  0.001).  Moreover,  all  animals 
that  received  both  rhuMAb  HER-2  and  radiation  (Fig.  2A,  RT/MAb) 
had  complete  tumor  remissions. 

To  better  evaluate  the  in  vivo  efficacy  of  radiation  therapy  with 
rhuMAb  HER-2  on  the  growth  of  larger  MCF-7/HER-2  xenografts, 
cells  were  inoculated  in  estrogen-primed  female  athymic  mice  and 
allowed  to  form  350-400-mm^  tumors  prior  to  randomization  into 
four  groups.  Treatment  groups  included  control  human  IgGl  at  15 
mg/kg  (Fig.  2B,  CON),  radiation  at  8  Gy  with  human  IgGl  {RT), 
rhuMAb  HER-2  at  15  mg/kg  {MAb),  and  combined  radiation/rhuMAb 
{RT/MAb)  therapy.  Doses  of  antibody  or  IgGl  were  administered  in 
divided  doses  on  days  1,  4,  and  7.  Those  groups  treated  with  radiation 
received  a  treatment  4  h  after  antibody  or  control  IgGl  only  on  day  1. 
Tumor  nodules  were  monitored  through  day  15.  A  lower  dose  of 
rhuMAb  HER-2  with  or  without  ionizing  radiation  was  used,  and 
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Fig.  2.  Combination  treatment  with  antibody  to  HER-2  growth  factor  receptor  and 
radiation  promotes  remission  of  human  breast  cancer  xenografts  in  nude  mice.  A,  MCF- 
7/HER-2  cells  were  injected  s.c.  at  5  X  10^  cells  per  nude  mouse.  After  14  days,  mice 
were  randomized  on  day  0  to  groups  of  six  animals  on  the  basis  of  body  weight  and  tumor 
nodule  size.  Treatment  groups  included  human  IgGl  control  at  30  mg/kg  (CON,  ■), 
radiation  at  4  Gy  with  human  IgGl  (RT,  A),  rhuMAb  HER-2  at  30  mg/kg  (MAb,  •),  or 
combined  radiation/rhuMAb  (RT/MAb,  ♦)  therapy.  Doses  of  antibody  or  IgGl  indicated 
above  were  administered  in  divided  doses  on  days  1,  4,  and  7.  Those  groups  treated  with 
radiation  received  a  4-Gy  treatment  at  4  h  after  administration  of  antibody  or  IgGl  on  days 
1 ,  4,  and  7  only.  Tumor  nodules  were  monitored  to  day  49.  On  postmortem  examination, 
no  residual  tumor  cells  were  found  by  light  microscopy  in  the  RT/MAb  treatment  group, 
but  cancer  cells  were  found  in  the  s.c.  nodules  of  mice  from  all  other  treatment  groups.  B, 
MCF-7/HER-2  cells  were  injected  s.c.  at  5  X  10^  cells  per  nude  mouse.  After  35  days, 
mice  were  randomized  on  day  0  to  groups  of  three  to  five  animals  on  the  basis  of  body 
weight  and  tumor  nodule  size,  with  tumors  ranging  in  size  from  350  to  400  mm^. 
Treatment  groups  included  human  IgGl  control  at  15  mg/kg  (CON),  radiation  at  8  Gy  with 
human  IgGl  (RT),  rhuMAb  HER-2  at  15  mg/kg  (MAh),  or  combined  radiation/rhuMAb 
(RT/MAb)  therapy.  Doses  of  antibody  or  IgGl  indicated  above  were  administered  in 
divided  doses  on  days  I,  4,  and  7.  Those  groups  treated  with  radiation  received  an  8-Gy 
treatment  at  4  h  after  administration  of  antibody  or  IgGl  on  day  1  only.  Tumor  volumes 
were  recorded  at  day  1  and  reassessed  at  15  days. 


effects  on  tumor  volume  in  the  various  groups  were  measured  (Fig. 
2B),  In  mice  receiving  one  administration  of  radiation  at  8  Gy  with 
control  IgG  {RT),  mean  tumor  volumes  were  reduced  at  15  days  when 
compared  to  controls  {CON\  P  <  0.05).  Tumors  treated  with  rhuMAb 
HER-2  alone  (MAb)  showed  less  growth  reduction,  but  combined 
radiation-antibody  therapy  produced  marked  reduction  in  tumor  vol¬ 
umes  over  the  15-day  treatment  period  when  compared  to  control  or 
either  treatment  alone  {P  <  0.001).  These  data,  in  combination  with 
the  results  in  Fig.  2A,  show  superior  efficacy  of  radiation  when  given 
with  rhuMAb  HER-2  and  demonstrate  a  clear  therapeutic  advantage 
with  this  treatment  regimen. 

Anti-HER-2  Antibodies  Block  DNA  Repair  in  Response  to 
Ionizing  Radiation  in  Human  Breast  Cancer  Cells.  After  demon¬ 
strating  a  therapeutic  advantage  for  the  combination  of  antibody  and 
radiation  in  HER  2-overexpressing  cells,  studies  were  designed  to 
evaluate  the  possible  mechanism(s)  for  this  phenomenon.  Studies 


have  shown  that  DNA  repair  plays  an  important  role  in  the  recovery 
of  cells  from  the  toxicity  of  ionizing  radiation  (41).  Prior  work  has 
also  shown  that  inhibition  of  DNA  repair  by  anti-HER-2  receptor 
antibodies  is  important  in  antibody-enhanced  cytotoxicity  of  cisplatin 
in  HER-2-overexpressing  breast  and  ovarian  cancer  cells  (22).  To 
evaluate  whether  similar  alterations  in  DNA  repair  may  be  a  potential 
explanation  for  the  enhanced  effects  of  antireceptor  antibody  and 
radiation,  we  measured  DNA  repair  induced  by  radiation  in  SKBR3 
and  MCF-7/HER-2  cells  using  autoradiographic  localization  of 
[^H] thymidine  over  cell  nuclei  (36)  to  provide  a  quantitative  measure 
of  this  phenomenon.  As  expected,  radiation  exposure  induces  en¬ 
hanced  UDS  in  SKBR3  cells  (Fig.  3).  Exposure  to  rhuMAb  HER-2 
alone  has  no  such  effects  on  these  cells.  The  radiation-induced  effect, 
however,  was  blocked  by  pretreatment  of  the  cells  with  antireceptor 
antibody  (Fig.  3).  To  determine  whether  this  phenomenon  was  re¬ 
stricted  to  a  specific  cell  line  and  to  study  its  association  with  HER-2 
overexpression,  we  performed  similar  studies  in  MCF-7  and  MCF-7/ 
HER-2  cells.  These  two  cell  lines  are  identical  to  one  another  except 
for  the  presence  of  HER-2  overexpression  in  the  MCF-7/HER-2  cells. 
Radiation  elicited  a  marked  increase  in  DNA  repair  in  the  PAR,  CON, 
and  HER-2  cells.  However,  this  radiation-induced  effect  was  blocked 
by  rhuMAb  HER-2  in  the  MCF-7/HER-2  cells  specifically  and  did  not 
occur  in  control  cells.  These  data  confirm  that  rhuMAb  HER-2  inter¬ 
feres  with  DNA  repair  only  in  those  cells  overexpressing  the  HER-2 
receptor  (Fig.  3).  Using  an  alternative  measure  of  DNA  repair,  we 
observed  the  same  phenomenon  with  a  transfected  CMV-driven  j3- 
galactosidase  reporter  plasmid  (36).  At  24  h  posttransfection,  the 
extent  of  repair  was  assayed  by  measuring  reporter  DNA  expression 
in  MCF-7/HER-2  cells  that  were  either  incubated  with  rhuMAb 
HER-2  or  control  media  after  transfection  (Fig.  4).  The  transfected 
cells  were  then  stained  with  5-bromo-4-chloro-3-indolyl-j8-D-galacto- 
pyranoside,  a  substrate  for  j8-galactosidase,  to  distinguish  j3-galacto- 
sidase-positive  and  -negative  cells.  In  the  presence  of  substrate,  cells 
expressing  the  reporter  bacterial  )3-galactosidase  protein  appear  blue 
and  the  percentage  of  stained  cells  can  be  quantitated.  These  data 
show  that  antibody  treatment  elicits  blockade  of  repair  of  the  radia¬ 
tion-damaged  reporter  DNA  (Fig.  4),  again  demonstrating  a  therapeu¬ 
tic  advantage  seen  in  cells  overexpressing  HER-2  after  treatment  with 
a  combination  of  antibodies  to  the  HER-2  receptor  and  radiation. 


MCF7PAR  MCF7CON  MCF7HER-2  SKBR3 
GROUP 


□ 


CON 

MAb 

RT 

MAb/ 

RT 


Fig.  3.  Monoclonal  antibody  to  HER-2  receptor  blocks  DNA  repair  (UDS)  after 
radiation  treatment  of  human  breast  cancer  cells.  Breast  cancer  cells  (4  X  10^  cells  per 
dish)  were  plated  for  24  h.  Then,  cells  were  incubated  with  medium  containing  1%  FCS 
and  20  mM  hydroxyurea.  MCF-7  parental  (MCF7PAR),  control  (MCF7CON),  and  HER- 
2-overexpressing  (MCF7HER-2)  cells  and  SKBR3  breast  cancer  cells  were  treated  with  2 
Gy  of  radiation  with  or  without  HER-2  MAb  at  200  jitg/ml.  Measurement  of  DNA  repair 
by  autoradiographic  localization  of  radioactive  thymidine  was  tabulated  in  MCF-7/PAR, 
MCF-7/CON,  MCF-7/HER-2  cells,  and  SKBR3  cells  by  established  methods.  Counts  of 
developed  silver  grains  in  the  photographic  emulsion  overlying  cell  nuclei  were  compared 
after  treatment  with  rhuMAb  HER-2  (MAb),  radiation  (RT),  rhuMAb  HER-2/radiation 
(MAb/RT),  or  control  (CON). 
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Fig.  4.  HER-2  antireceptor  antibody  affects  repair  of  radiation-damaged  reporter  DNA 
in  human  breast  cancer  cells.  CMV-driven  j3-galactosidase  reporter  plasmid  was  exposed 
to  radiation  in  vitro  and  then  transfected  into  MCF-7/HER-2  cells.  At  24  h  after  trans¬ 
fection  was  completed,  we  assayed  the  extent  of  repair  by  measuring  reporter  DNA 
expression  in  MCF-7/HER-2  cells  that  were  incubated  without  antibody  (CON)  or  with 
rhuMAb  HER-2  {MAb)  beginning  at  the  end  of  the  transfection.  Reporter  activity  is 
presented  as  the  percentage  of  blue-stained  cells  in  the  presence  of  5-bromo-4-chloro-3- 
indolyl-/3-D-galactopyranoside,  a  substrate  for  j3-galactosidase. 

Influence  of  Antireceptor  Antibodies  on  Cell  Cycle  Regulation 
in  Human  Breast  Cancer  Cells.  To  further  characterize  effects  of 
rhuMAb  HER-2  on  breast  cancer  cell  growth,  analyses  of  cell  cycle 
phase  distribution  were  conducted.  Previous  reports  have  shown  that 
the  4D5  antibody  directed  against  the  HER-2  receptor  reduces  the 
fraction  of  HER-2-overexpressing  cells  in  S  phase  (34).  Using  a 
similar  approach,  we  grew  MCF-7/HER-2  cells  in  serum-depleted 
medium  and  then  treated  them  with  1  or  10%  serum-enriched  me¬ 
dium.  The  cells  were  then  exposed  to  4  Gy  of  radiation  with  or 
without  prior  exposure  to  rhuMAb  HER-2.  Results  of  these  studies 
demonstrate  that  maintenance  of  cells  in  serum-depleted  medium 
reduces  the  fraction  of  cells  in  S-phase  compared  to  control  cells  in 
medium  with  10%  serum  (Fig.  5).  Treatment  with  rhuMAb  HER-2 
reduces  the  fraction  of  MCF-7  HER-2  cells  in  S  phase  at  both  24  and 
48  h.  Radiation  treatment  of  the  cells  also  promotes  cell  cycle  arrest, 
predominantly  at  Gj,  again  resulting  in  a  low  S-phase  fraction  at  24 
and  48  h.  In  the  presence  of  rhuMAb  HER-2,  radiation  elicits  a  similar 
reduction  in  S  phase  at  24  h;  however,  a  significant  reversal  of  the  cell 
cycle  arrest  appears  by  48  h  postradiation  {P  <  0.001;  Fig.  5).  Unlike 
the  non-antibody-treated  cells,  the  S-phase  fraction  of  these  cells  is 
significantly  greater  at  48  h  compared  to  the  fraction  at  24  h.  These 
results  indicate  that  early  escape  from  cell  cycle  arrest  in  the  presence 
of  antireceptor  antibody  may  not  allow  sufficient  time  for  completion 
of  DNA  repair  in  HER-2-overexpressing  cells. 

Influence  of  Antireceptor  Antibodies  on  Regulation  of 
p21WAFl  Transcript  Levels,  Protein  Levels,  and  Phosphoryla¬ 
tion  State.  To  further  explore  the  molecular  basis  for  these  observa¬ 
tions,  we  performed  a  series  of  studies  evaluating  the  p21WAFl 
activity  in  these  cells.  The  tumor  suppressor  gene  p53  is  known  to  be 
a  critical  mediator  of  the  cellular  response  to  DNA  damage  (25,  27). 
Induction  of  the  CDK  inhibitor,  p21WAFl,  in  response  to  DNA 
damage  occurs  primarily  through  a  transcriptional  mechanism  that 
requires  interaction  of  the  p53  protein  with  a  p53-binding  site  in  the 
p21WAFl  promoter  (28).  Recent  studies,  however,  have  shown  that 
induction  of  p21WAFl  following  growth  factor  stimulation  may  not 
always  require  p53  and  may,  instead,  be  directly  activated  by  MAP 
kinase  (31).  Consistent  with  this  is  the  observation  that  withdrawal  of 
growth  factors  in  vitro  is  associated  with  down-regulation  of 
p21WAFl  expression  and  with  enhanced  cell  killing  in  response  to 


DNA  damage  (3).  It  is  known  that  basal  levels  of  p21WAFl  are  not 
sufficient  to  cause  cell  cycle  arrest  and  that  failure  of  adequate 
p21WAFl  induction  after  DNA  damage  is  associated  with  failure  of 
cell  cycle  arrest.  This  results  in  a  reduced  time  for  completion  of  DNA 
repair.  To  assess  the  activity  of  p21WAFl  in  response  to  DNA 
damage  in  MCF-7/HER-2  cells  in  the  presence  or  absence  of  the 
anti-HER-2  antibody,  we  first  performed  Northern  blot  analyses  of 
p21WAFI  expression  levels.  MCF-7/HER-2  cells  were  treated  with 
rhuMAb  HER-2  alone  or  prior  to  radiation  exposure  to  6  Gy.  Parallel 
cells  were  treated  with  either  control  solution  alone  or  radiation  alone. 
At  6,  12,  and  24  h,  cells  were  processed  for  RNA  extraction  and 
determination  of  p21WAFl  transcript  levels.  As  expected,  progres¬ 
sive  induction  of  p21WAFl  transcripts  was  seen  at  6-24  h  post¬ 
radiation  treatment  (Fig.  6A);  however,  increased  levels  of  p21WAFl 
transcript  were  not  sustained  in  MCF-7  HER-2  cells  that  had  been 
exposed  to  radiation  in  the  presence  of  rhuMAb  HER-2.  Although 
p21WAFl  transcript  level  increases  at  6-12  h,  it  is  comparable  to 
baseline  levels  by  24  h  (Fig.  6A).  Moreover,  the  level  of  p21WAFl  at 
24  h  is  markedly  less  than  the  levels  seen  after  radiation  given  without 
antibody.  A  clear  reduction  in  the  basal  level  of  p21WAFl  also 
occurred  after  12-24  h  exposure  to  antibody  alone,  compared  to 
controls.  In  contrast,  the  level  of  p53  transcripts  was  only  slightly 
increased  by  radiation  after  6  h  or  24  h,  and  no  attenuation  of  the 
transcript  level  occurred  after  combined  treatment  with  rhuMAb 
HER-2  (Fig.  lA).  An  additional  transcript,  cyclin  Dl,  showed  no 
variation  with  antibody,  radiation  or  combination  therapy  (Fig.  IB). 

Western  analyses  of  the  level  of  p21WAFl  protein  in  MCF-7/ 
HER-2  cells  likewise  show  enhanced  amounts  of  the  protein  at  6-24 
h  after  radiation  (Fig.  6B);  however,  consistent  with  the  Northern  blot 
studies,  treatment  of  cells  with  antireceptor  antibody  elicits  a  reduced 
level  of  p21WAFl  protein  under  basal  conditions  and  blunts  the 
anticipated  response  to  radiation  therapy  at  12-24  h,  as  compared  to 
controls.  Radiation  with  6  or  10  Gy  elicits  a  significant  increase  in  the 
level  of  mdm2  protein,  whereas  a  pronounced  decrease  in  mdm2 
protein  level  occurs  when  radiation  is  administered  in  the  presence  of 
anti-HER-2  receptor  antibody  (Fig.  8A).  Similarly,  the  level  of  p53 
protein  increases  in  response  to  radiation  after  6  and  24  h,  and,  as  with 
p21WAFl,  there  is  a  slight  reduction  in  the  expected  response  to 
radiation  when  cells  are  treated  concomitantly  with  rhuMAb  HER-2 


Fig.  5.  Effects  of  antibody  to  HER-2  receptor  and  irradiation  on  cell  cycle  progression 
in  HER-2-overexpressing  human  breast  cancer  cells.  MCF-7  cells  with  HER-2  overex¬ 
pression  were  plated  and  allowed  to  adhere.  After  48  h,  the  monolayers  were  washed  with 
PBS  and  incubated  in  medium  with  1%  DCC-stripped  FCS  to  arrest  cell  growth.  After 
48  h,  this  medium  was  replaced  with  medium  containing  either  1%  DCC-treated  FCS  (Cl) 
or  10%  FCS  without  {CIO)  or  with  200  jxg/ml  antibody  to  HER-2  receptor  {Ab).  After  4  h, 
cells  with  10%  FCS  but  without  antibody  were  treated  with  4  Gy  radiation  {RT),  and  cells 
with  10%  FCS  plus  200  jag/ml  antibody  were  likewise  treated  with  4  Gy  radiation 
{Ab/RT).  Cells  from  all  treatment  groups  were  incubated  further  for  24  or  48  h.  Cells  were 
then  trypsinized,  washed,  fixed  in  ice-cold  methanol,  and  prepared  for  determination  of 
S-phase  fraction  by  established  methods,  using  DNA  staining  with  propidium  iodide  and 
flow  cytometry  (34). 
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Fig.  6.  Monoclonal  antibody  to  HER-2  receptor  alters  p21WAFl  transcript  and  protein  levels  and  the  tyrosine  phosphorylation  of  p21  WAFl  after  radiation  treatment  of  human  breast 
cancer  cells  with  HER-2  overexpression.  A,  MCF-7  HER-2  cells  were  treated  with  control  solution  {Lane  Cn),  200  )Ltg/ml  rhuMAb  HER-2  alone  {Lane  Ab),  6  Gy  radiation  alone  {Lane 
RT),  or  200  /ig/ml  rhuMAb  HER-2  in  combination  with  6  Gy  radiation  {Lane  Ab/RT).  After  6,  12,  or  24  h,  cells  were  processed  for  preparation  of  RNA  and  determination  of  p21  WAFl 
transcripts  using  Northern  blot.  B,  MCF-7  HER-2  cells  were  treated  with  control  solution  {Lane  Cn),  200  ju-g/ml  rhuMAb  HER-2  alone  {Lane  Ab),  6  Gy  radiation  alone  {Lane  RT), 
or  200  |ULg/ml  rhuMAb  HER-2  in  combination  with  6  Gy  radiation  {Lane  Ab/RT).  After  6,  12,  or  24  h,  cells  were  processed  for  Western  blot  analysis  and  determination  of  p21WAFl 
levels  by  immunoblot.  C,  MCF-7  HER-2  cells  were  treated  with  control  solution  {Lane  Cn),  200  p.g/ml  rhuMAb  HER-2  alone  {Lane  Ab),  6  Gy  radiation  alone  {Lane  RT),  or  200  ju-g/ml 
rhuMAb  HER-2  in  combination  with  6  Gy  radiation  {Lane  Ab/RT).  After  6,  12,  or  24  h,  cells  were  processed  for  Western  blot  analysis  and  determination  of  the  level  of  tyrosine 
phosphorylation  of  p21WAFl  by  first  immunoprecipitating  with  antiphosphotyrosine  antibody  and  then  immunoblotting  with  anti-p21WAFl  antibody.  D,  MCF-7  HER-2  cells  were 
treated  with  control  solution  {Lane  Cn),  200  jug/ml  rhuMAb  HER-2  alone  {Lane  Ab),  6  Gy  radiation  alone  {Lane  RT),  or  200  /xg/ml  rhuMAb  HER-2  in  combination  with  6  Gy  radiation 
{Lane  Ab/RT).  After  12  h,  cells  were  processed  for  Western  blot  analysis  and  determination  of  the  level  of  tyrosine  phosphorylation  of  p21WAFl  by  first  immunoprecipitating  with 
anti-p21WAFl  antibody  and  then  immunoblotting  with  antiphosphotyrosine  antibody.  See  text  for  additional  details. 


(Fig.  85).  In  contrast,  the  level  of  PCNA  and  bcl-2  protein  is  un¬ 
changed  at  6  and  24  h  postradiation  with  or  without  rhuMAb  HER-2 
treatment  (Fig.  8,  C  and  D).  These  results  are  consistent  with  inde¬ 
pendent  reports  on  depletion  of  p21WAFl  after  withdrawal  of  growth 
factors  (3)  and  suggest  an  important  role  for  growth  factor  pathways 
in  modulating  the  activity  of  some  proteins  that  regulate  the  cell  cycle 
in  response  to  DNA  damage. 

In  view  of  the  crucial  role  of  tyrosine  phosphorylation  in  regulating 
the  activity  of  diverse  signaling  molecules  (4,  8,  9),  we  assessed  the 
potential  influence  of  the  HER-2  receptor  pathway  on  phosphoryla¬ 
tion  of  tyrosine  residues  in  p21WAFl  (28).  We  first  tested  whether 
p21WAFl  is  a  substrate  for  tyrosine  phosphorylation  induced  by 
radiation.  A  number  of  protein  kinases  are  known  to  be  induced  by 
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Fig.  7.  Effects  of  monoclonal  antibody  to  HER-2  receptor  on  p53  and  cyclin  D 
transcripts  after  radiation  treatment  of  human  breast  cancer  cells  with  HER-2  overexprcs- 
sion.  MCF-7/HER-2  cells  were  treated  with  control  solution  {Lane  Cn),  200  /xg/ml 
rhuMAb  HER-2  alone  {Lane  Ab),  6  Gy  radiation  alone  {Lane  RT),  or  200  /Lcg/ml  rhuMAb 
HER-2  in  combination  with  6  Gy  radiation  {Lane  Ab/RT).  After  6  or  24  h,  cells  were 
processed  for  preparation  of  RNA  and  determination  of  p53  (A)  and  cyclin  D  {B) 
transcripts  using  Northern  blot. 


stress  and/or  DNA  damage  and  are  hypothesized  to  play  a  role  in 
DNA  repair  by  phosphorylating  regulatory  proteins  (30).  MCF-7/ 
HER-2  cells  show  little  to  no  tyrosine  phosphorylation  of  p21WAFl 
under  basal  conditions  (Fig.  6C);  however,  radiation  exposure  elicits 
p21WAFl  tyrosine  phosphorylation,  which  is  evident  after  6  and  12  h 
and  dissipates  by  24  h  (Fig.  6C).  In  the  presence  of  anti-HER-2 
receptor  antibody,  radiation-induced  tyrosine  phosphorylation  of 
p21WAFl  occurs  by  6  h,  but  the  phosphorylation  is  not  sustained  and 
returns  to  baseline  levels  by  12  h  (Fig.  6,  C  and  D).  These  results 
suggest  that  dysregulation  of  radiation-induced  p21WAFl  tyrosine 
phosphorylation  occurs  after  treatment  with  antireceptor  antibody,  and 
this  event  may  adversely  influence  the  cell  response  to  DNA  damage. 

DISCUSSION 

The  potential  role  of  HER-2  and  related  erb  B  proto-oncogenes  in 
the  modulation  of  sensitivity  to  radiation  has  been  suggested  from 
some  studies  (20,  21).  Transformation  of  NIH-3T3  cells  with  HER-2 
cDNA  from  esophageal  carcinoma  leads  to  induction  of  radiation 
resistance  (20).  Here,  we  used  matched  MCF-7  parent  and  daughter 
human  breast  cancer  cells,  which  differ  in  their  HER-2  expression 
level,  to  evaluate  effects  on  radiation  sensitivity.  These  paired  cells 
were  used  to  circumvent  the  possibility  that  phenomena  due  to  effects 
other  than  HER-2  overexpression  {Le.,  cell  line  specific),  might  be 
observed.  In  addition,  we  used  the  naturally  overexpressing  cell  line 
SKBR3  to  ensure  that  the  results  were  not  restricted  to  a  single  cell 
line  and  were  not  due  solely  to  artificial  engineering  of  the  cells. 
Using  this  approach,  we  were  able  to  directly  compare  in  vitro 
radiation  sensitivities  of  parental  cells  with  low-expression  of  HER-2 
to  identical  daughter  cells  with  high-expression  of  HER-2.  The  data 
demonstrate  that  the  D^q  of  HER-2-overexpressing  breast  cancer  cells 
is  increased  by  ~25%  compared  to  cells  with  the  normal  complement 
of  HER-2  receptors.  These  findings  are  consistent  with  independent 
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Fig.  8.  Effects  of  monoclonal  antibody  to 
HER-2  receptor  on  protein  levels  of  mdm2,  p53, 
PCNA,  and  bcl-2  after  radiation  treatment  of  hu¬ 
man  breast  cancer  cells  with  HER-2  overexpres¬ 
sion.  MCF-7/HER-2  cells  were  treated  with  control 
solution  {Lane  Cw),  200  /xg/ml  rhuMAb  HER-2 
alone  {Lane  Ab),  6  or  10  Gy  radiation  alone  {Lanes 
RT,  6  and  10,  respectively),  or  200  /utg/ml  rhuMAb 
HER-2  in  combination  with  6  Gy  or  10  Gy  radia¬ 
tion  {Lanes  Ab/RT,  6  and  10,  respectively).  After  6 
or  24  h,  cells  were  processed  for  Western  blot 
analysis,  and  levels  of  mdm2  (A),  p53  (5),  PCNA 
(Q,  and  bcl-2  {D)  were  determined.  See  text  for 
additional  details. 
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studies  in  which  antisense  oligonucleotides  directed  against  the 
HER-2  gene  were  able  to  reverse  the  radiation  resistance  of  human 
tumor  cell  lines  with  HER-2  overexpression  (42).  These  analyses 
suggest  a  potential  biological  role  for  the  HER-2  oncogene  in  resist¬ 
ance  to  radiation  treatment  and  may  have  important  implications  in 
the  clinical  management  of  patients  whose  breast  cancers  contain  this 
alteration.  To  evaluate  the  therapeutic  advantage  of  combined  treat¬ 
ment  with  radiation  and  antibodies  to  HER-2,  we  conducted  a  series 
of  in  vitro  studies,  which  show  that  anti-HER-2  receptor  antibody 
enhances  radiation-induced  killing  of  naturally  overexpressing 
SKBR3  human  breast  cancer  cells  as  well  as  MCF-7  cells  engineered 
to  overexpress  this  receptor.  Further  tests  demonstrate  a  significant 
growth-inhibitory  therapeutic  advantage  of  ionizing  radiation  com¬ 
bined  with  rhuMAb  HER-2  in  HER-2  overexpressing  human  breast 
cancer  xenografts  in  nude  mice.  Mice  receiving  radiation  alone  do  not 
have  significantly  reduced  tumor  volumes  over  the  7-week  observa¬ 
tion  period,  and  no  tumor  remissions  were  observed.  Treatment  with 
rhuMAb  HER-2  alone  similarly  elicited  no  significant  tumor  remis¬ 
sions.  In  contrast,  the  combination  of  radiation  and  antibody  therapy 
produced  marked  reductions  in  tumor  growth,  and  all  animals  receiv¬ 
ing  both  rhuMAb  HER-2  and  radiation  show  complete  tumor  remis¬ 
sions,  demonstrating  a  marked  in  vivo  enhancement  of  radiation 
efficacy  when  given  with  anti-HER-2  antibody  in  HER-2-overex- 
pressing  breast  cancers. 

A  spectrum  of  lesions  is  known  to  be  induced  in  DNA  by  radiation, 
and  DNA  repair  plays  an  important  role  in  the  recovery  of  cells  from 
the  toxicity  of  radiation  exposure  (41).  Changes  in  DNA  repair  have 
been  reported  to  occur  in  HER-2-overexpressing  cells  after  treatment 
with  antibodies  to  HER-2  receptor  (22).  To  further  evaluate  the 
possible  role  of  DNA  repair  as  an  explanation  for  the  therapeutic 
advantage  of  anti-HER-2  antibody  combined  with  DNA-damaging 
radiation,  we  measured  DNA  repair,  cell  cycle  regulation  and  selected 
molecular  alterations  induced  by  radiation  in  breast  cancer.  These 
studies  show  that  radiation  enhances  UDS,  a  measure  of  DNA  repair, 
in  human  breast  cancer  cells  with  HER-2  overexpression.  This  radi¬ 


ation-induced  effect  is  blocked  by  treatment  of  the  cells  with  anti- 
HER-2  antibody.  Additional  tests  of  DNA  repair  using  a  CMV-driven 
/3-galactosidase  reporter  plasmid  exposed  to  radiation  in  vitro  dem¬ 
onstrate  that  repair  of  radiation-damaged  DNA  proceeds  in  the  ab¬ 
sence  of  rhuMAb  HER-2  but  is  significantly  reduced  when  the  anti¬ 
body  is  administered  to  human  breast  cancer  cells  containing  the 
HER-2  alteration.  Moreover,  this  phenomenon  is  specific  to  cells 
overexpressing  HER-2. 

Prior  studies  have  shown  that  the  4D5  antibody  reduces  the  fraction 
of  HER-2-overexpressing  cells  in  S  phase  (33).  Conducting  additional 
studies  of  cell  cycle  phase  distribution  here,  we  demonstrated  that 
rhuMAb  HER-2  reduced  the  fraction  of  MCF-7  HER-2  cells  in  S 
phase  at  both  24  and  48  h  (33).  This  study  also  indicates  that  radiation 
promotes  cell  cycle  arrest  predominantly  at  G^,  with  a  low  S -phase 
fraction  observed  at  24  and  48  h.  In  the  presence  of  rhuMAb  HER-2, 
radiation  elicited  a  similar  reduction  in  S -phase  at  the  early  time  point, 
Le.,  24  h,  but  a  significant  reversal  of  cell  cycle  arrest  occurred  at  48  h 
postradiation  exposure.  Hence,  early  escape  from  cell  cycle  arrest  in 
the  presence  of  anti-HER~2  antibody  may  not  allow  sufficient  time  for 
completion  of  DNA  repair  in  HER-2-overexpressing  cells,  resulting  in 
accumulation  of  DNA  damage  and  greater  cell  death. 

The  tumor  suppressor  gene  product  p53  is  a  critical  mediator  of  the 
cellular  response  to  DNA  damage.  Although  induction  of  the  CDK 
inhibitor,  p21WAFl,  in  response  to  DNA  damage  occurs  primarily 
through  a  transcriptional  mechanism  involving  p53  (28),  some  reports 
suggest  that  p21WAFl  may  enhance  the  radiosensitivity  of  tumor 
cells  independent  of  p53  (31,  43).  In  p21WAFl  —/—  colon  cancer 
cells,  p21WAFl  deficiency  is  associated  with  a  prominent  defect  in 
DNA  repair  (37).  Recent  work  suggests  that  certain  growth  factors 
interacting  with  their  respective  receptors  may  provide  an  alternate 
pathway  for  regulation  of  p21WAFl  expression.  Activation  of  some 
growth  factor  stimulatory  pathways  results  in  induction  of  p21WAFl, 
which  does  not  require  p53  and  may,  instead,  be  activated  by  MAP 
kinase  (31).  In  addition,  withdrawal  of  growth  factors  in  vitro  has 
been  associated  with  down-regulation  of  p21WAFl  expression  and 
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enhanced  cell  killing  in  response  to  DNA  damage.  This  study  provides 
further  evidence  that  the  growth  factor  receptor,  HER-2,  can  modulate 
DNA  damage  response  pathways  in  human  breast  cancer  cells  and 
suggests  that  this  cross-communication  may  involve  modulation  of 
p21WAFl.  A  notable  reduction  in  the  basal  level  of  p21WAFl 
occurred  after  exposure  to  anti-HER-2  receptor  antibody  when  com¬ 
pared  with  controls,  indicating  that  interactions  with  the  HER-2  path¬ 
way  can  directly  affect  p21WAFl  expression.  These  results  and 
independent  reports  on  depletion  of  p21WAFl  after  withdrawal  of 
growth  factors  (3,  44)  suggest  an  important  role  for  at  least  some 
growth  factor  receptor  pathways  in  modulating  the  activity  of  proteins 
that  regulate  the  cell  cycle  in  response  to  DNA  damage.  It  is  well 
known  that  basal  levels  of  p21WAFl  are  not  sufficient  to  cause  cell 
cycle  arrest  and  that  failure  of  adequate  p21WAFl  induction  after 
DNA  damage  is  associated  with  failure  of  cell  cycle  arrest,  resulting 
in  reduced  time  for  completion  of  DNA  repair.  After  radiation,  the 
expression  of  p21WAFl  is  increased  in  MCF-7/HER-2  cells,  but  the 
increased  levels  of  p21WAFl  transcripts  and  protein  are  not  sustained 
in  HER-2-overexpressing  cells  exposed  to  radiation  in  the  presence  of 
rhuMAb  HER-2.  In  contrast,  levels  of  p53  transcript  and  protein  were 
only  slightly  increased  by  radiation,  and  only  minimal  reductions 
occurred  on  combined  treatment  with  rhuMAb  HER-2.  This  suggests 
that  induction  of  p21WAFl  in  HER-2-overexpressing  MCF-7  cells 
may  be  less  dependent  on  regulation  by  p53  and  may  involve  alter¬ 
native  signal  transduction  pathways  (31,  42,  44). 

In  view  of  the  crucial  role  of  phosphorylation  in  regulating  the 
activity  of  diverse  signaling  molecules  (4,  8,  9),  we  assessed  the 
potential  influence  of  the  HER-2  receptor  signaling  pathway  and 
radiation  on  phosphorylation  of  tyrosine  residues  in  p21WAFl  (28).  A 
number  of  protein  kinases  are  well  known  to  be  induced  by  stress 
and/or  DNA  damage  and  are  hypothesized  to  play  a  role  in  DNA 
repair  by  phosphorylation  of  regulatory  proteins  (30).  Although  MCF- 
7/HER-2  cells  show  little  to  no  tyrosine  phosphorylation  of  p21  WAFl 
under  basal  conditions,  radiation  treatment  induces  a  transient  tyrosine 
phosphorylation  of  p21WAFl,  an  effect  that  is  clearly  diminished  by 
anti-HER-2  receptor  antibody.  These  results  suggest  that  dysregula- 
tion  of  radiation-induced  p21WAFl  tyrosine  phosphorylation  occurs 
after  treatment  with  antireceptor  antibody.  The  potential  outcome  of 
this  molecular  alteration  on  the  biological  activity  of  p21WAFl 
remains  to  be  determined.  However,  independent  studies  show  that 
DNA  damage  promotes  specific  alterations  in  the  phosphorylation 
state  of  other  DNA-regulatory  factors,  such  as  p53  (45)  and  BRCAl 
(46),  leading  to  changes  in  nuclear  localization  and  in  specific  mo¬ 
lecular  interactions.  Tyrosine  residues  of  p21WAFl  occur  in  func¬ 
tional  domains  known  to  be  associated  with  nuclear  localization  and 
with  binding  to  cyclin/CDKs  and  to  PCNA  (28,  47).  Moreover,  the 
tyrosine  residues  in  p21WAFl  of  human  and  mouse  origin  are  highly 
conserved  in  corresponding  regions  of  other  human  CDK  inhibitors, 
p27Kipi  p^yKip2  suggosting  that  these  proteins  may  share  a 
similar  mechanism  of  action.  It  will  be  important  to  direct  future 
studies  to  investigation  of  the  role  of  tyrosine  phosphorylation  of 
p21WAFl  in  critical  molecular  interactions. 

Significant  data  support  the  hypothesis  that  p21WAFl  may  play  a 
vital  role  in  mediating  the  rhuMAb  HER-2  effects  on  DNA  damage 
pathways  in  HER-2-overexpressing  breast  cancer  cells.  DNA  replica¬ 
tion  and  repair  may  be  coordinated  by  differential  effects  of 
p21WAFl  on  replicative  and  repair  DNA  synthesis.  The  p21WAFl 
protein  interacts  with  CDKs  and  PCNA,  a  protein  important  for 
regulation  of  both  DNA  replication  and  repair  processes  (3,  31,  48). 
This  work  suggests  that  alterations  in  other  regulatory  proteins,  such 
as  mdm2  (29),  may  also  contribute  to  this  process.  Radiation  elicits  a 
significant  rise  in  the  level  of  mdm2  protein  that  is  sustained  over 
several  hours.  However,  when  radiation  is  administered  in  the  pres¬ 
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ence  of  anti-HER-2  receptor  antibody,  the  initial  increment  in  the 
level  of  mdm2  protein  is  not  maintained,  with  a  pronounced  decline  in 
mdm2  by  24  h.  These  changes  in  mdm2  levels  may  be  important 
because  the  oncoprotein  contains  inhibitory  domains  that  can  interfere 
with  both  p5 3-dependent  (49)  and  -independent  (50)  transcriptional 
activity.  Promotion  of  apoptosis  (3)  by  rhuMAb  HER-2  could  be 
another  postulated  outcome  of  treatment,  but  we  have  been  unable  to 
document  alterations  in  bcl-2  protein  or  DNA  fragmentation  in  MCF- 
7/HER-2  cells  after  low,  sublethal  doses  of  ionizing  radiation  with  or 
without  anti-HER-2  antibody  (51).  Nevertheless,  the  available  evi¬ 
dence  suggests  that  pathways  of  DNA  replication,  DNA  repair  and 
DNA  degradation  may  have  common  regulatory  elements,  with  the 
final  cellular  outcome  being  dependent  on  the  extent  of  DNA  damage 
(48). 

Future  work  will  be  required  to  fully  understand  how  a  MAP  kinase 
may  play  a  role  in  the  regulation  of  p21WAFl  through  growth  factor 
receptors.  Heregulin,  a  natural  ligand  to  HER-2/HER-3  heterodimers, 
induces  transient  phosphorylation  of  HER-2  protein,  promoting  down¬ 
stream  activation  of  MAP  kinase  (38,  52).  In  contrast,  antibodies  to 
the  HER-2  receptor  induce  prolonged  phosphorylation  and  down- 
regulation  of  HER-2  protein  and  disrupt  the  association  of  HER-2 
with  HER-3  (38,  52-54).  Similar  to  anti-HER-2  antibodies,  tyrosine 
kinase  inhibitors  with  specificity  for  the  HER-2  kinase  are  also  known 
to  enhance  the  sensitivity  of  HER-2-overexpressing  cancer  cells  to 
DNA-damaging  agents  (55).  Although  the  activity  of  the  anti-HER-2 
antibody  remains  to  be  fully  characterized,  downstream  effects  of 
HER-2  stimulation,  such  as  activation  of  MAP  kinase  and  other 
protein  kinases,  are  likely  to  be  affected  by  rhuMAb  HER-2. 

This  study  suggests  that  human  breast  cancer  cells  damaged  by 
radiation  may  be  especially  vulnerable  to  injury  if  they  are  also 
deprived  of  essential  signal  transduction  mechanisms  by  disruption  of 
the  HER-2  growth  factor  receptor  pathway.  Growth  factor  receptors 
appear  to  play  a  significant  role  in  the  regulation  of  cell  cycle 
checkpoints  and  repair  of  DNA  damage,  and  manipulation  of  this 
pathway  in  the  clinic  using  rhuMAb  HER-2  may  provide  therapeutic 
benefit  to  patients  with  HER-2-overexpressing  breast  cancers. 
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The  heregulins  are  a  famQy  of  ligands  with  ability  to 
induce  phosphorylation  of  the  plSS**™'*'""  receptor. 
Various  investigators  have  reported  a  variety  of 
responses  of  mouse  and  human  breast  and  ovarian  mUs 
to  this  family  of  ligands  including  growth  stimulation, 
growth  inhibition,  apoptosis  and  induction  of  differentia¬ 
tion  in  ceils  expressing  the  HER-2/«c«  receptor.  Some  of 
the  disparity  in  the  literature  has  been  attributed  to 
variations  iii  the  cell  lines  studied,  ligand  dose  appiied, 
methodologies  utilized  or  model  system  evaluated  (i.e.  /» 
vitro  or  in  vivo).  To  evaluate  the  effects  of  hereguiin  on 
normal  and  malignant  human  breast  and  ovarian 
epithelial  cells  expressing  known  levels  of  the  HER-2/ 
neu  receptor,  this  report  presents  the  use  of  severri 
different  assays,  performed  both  in  vHro  and  in  vivo,  in 
vitro  proliferation  assays,  direct  cell  counts,  clonogeni- 
city  anchorage-dependent  and  anchorage-indepen¬ 

dent  conditions,  as  well  as  the  in  vivo  effects  of  hereguiin 
X  on  human  ceils  growing  in  nude  mice  to 

^  address  hereguiin  activity.  Using  a  total  of  five  different 
biologic  assays  in  nine  different  cell  lines,  across  two 
different  epithelia  and  over  a  one  log  hereguiin  dose 
range,  we  obtained  results  that  clearly  indicate  a  growth- 
stimulatory  role  for  this  ligand  in  human  breast  and 
ovarian  epithelial  cells.  We  find  no  evidence  that 
hereguiin  has  any  growth-inhibitory  effects  in  human 
epithelial  cells.  We  also  quantitated  the  amount  of  each 
member  of  the  type  I  receptor  mosine  kinase  family 
(RTK  I,  i.e.  HER'-1,  HER-2,  HER-3  and  HER-4)  in  die 
cell  lines  employed  and  correlated  this  to  their  respective 
hereguiin  responses.  These  data  demonstrate  that  HER- 
l/neu  overexpression  itself  affects  the  expression  of  other 
RTK  I  members  and  tfiat  cells  expressing  the  highest 
levels  of  HER-2//ie«  have  the  greatest  response  to  HRG. 

Keywords:  hereguiin;  NDF;  HER-2  growth  factor, 
epithelial  cells 


Introduction 

A  wide  variety  of  growth  factors  bind  to  plasma 
membrane  receptors  found  in  human  cells  of  diverse 
origin  and  serve  to  regulate  cell  growth  as  well  as 
cellular  activities  other  than  mitogenesis  (Spom  and 
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Roberts,  1988).  A  number  of  these  peptide  growth 
factors  bind  to  the  extracellular  domains  of  a  variety  of 
receptor  tyrosine  kinases  (RTKs),  activating  various 
signal  transduction  pathways  (Aaronson,  1991). 

Structural  homologies  of  known  oncogenes  to  some 
of  these  growth  factors  (GFs)  or  their  cognate 
receptors  indicate  a  potential  role  of  these  molecules 
in  abnormal  cell  growth  (Cross  and  Dexter,  1991). 
Alterations  in  either  the  structure  or  expression  level  of 
these  genes  can  induce  abnormalities  in  the  control  of 
cell  proliferation,  resulting  in  their  putative  pathogenic 
role  in  several  human  malignancies.  The  product  of  the 
HER-2//ieu  proto-oncogene  is  a  185  kD  monomeric 
transmembrane  tyrosine  kinase  (pl85““'"~*)  with 
extensive  homology  to  both  the  epidermal  growth 
factor  receptor  (EGFR)  and  the  avian  erythroblastosis 
virus  oncogene,  v-erbB  (Coussens  et  al.,  1985;  Prigent 
and  Lemoine,  1992).  Expression  of  the  HER-2//i«< 
proto-oncogene  has  been  demonstrated  in  a  number  of 
normal  human  fetal  and  adult  tissues,  including  br^t 
and  ovarian  epithelia  (Lemoine  et  al.,  1989;  Natali  et 
al.,  1990;  Press  et  al.,  1990).  Overexpression  of  the 
HER-2/«ew  receptor  is  found  in  25-30%  of  himan 
breast  and  ovarian  cancers  and  is  associated  with  a 
poor  prognosis  in  those  patients  whose  tumors  contain 
the  alteration  (Slamon  et  al.,  1987,  1989;  Press  et  al., 
1993).  Studies  directed  at  attempting  to  understand  the 
activation  and  signal  transduction  pathways  of  HER-2/ 
neu  have  been  limited  until  recently  however,  due  to 
the  lack  of  well  characterized  ligands  that  activate  the 
plg5HER.2M«  RXK.  In  the  past  few  years,  several 
putative  ligands  for  the  pl85»“-^"“  receptor  have 
been  reported.  Candidate  ligands  have  been  isolated 
from  macrophages  (Tarahovski  et  al.,  1991),  bovine 
kidney  (Huang  and  Huang,  1992),  conditioned  medium 
from  transformed  human  T  cells  (Dobashi  et  al.,  1992), 
and  rat  transformed  fibroblasts  (Yarden  and  Peles, 

1991) ,  as  well  as  human  breast  cancer  cells  (Lupu  et  al., 

1992) .  None  of  these  molecules  however  were  purified 
to  homogeneity,  cloned  and/or  sequenced,  or  recombi- 
nantly  produced,  making  it  difficult  to  study  the 
specific  interactions  of  these  putotive  ligands  with  the 
HEK-2/neu  receptor.  Identification,  isolation  and 
purification  of  specific  activators  of  pi 85"®“’"**  made 
possible  the  simultaneous  cloning  of  two  homologous 
ligands;  one  from  human  breast  cancer  cells,  hereguiin 
(Holmes  et  al.,  1992),  and  the  other  from  ras- 
transformed  rat  fibroblasts,  neu  differentiation  factor 
(Peles  et  al.,  1992;  Wen  et  al.,  1992).  Despite  the 
different  ceils  source  of  hereguiin  (HRG)  and  neu 
differentiation  factor  (NDF),  the  proteins  encoded  by 
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ABSTRACT  Antiestrogen  therapy  has  significantly  improved  overall  survival  in 

patients  with  breast  cancer  due  to  its  ability  to  alter  the  regulation  of  breast  cell  growth 
by  estrogens.  Approximately  30%  of  breast  cancer  patients,  however,  overexpress  the 
HER-2//ieM  growth  factor  receptor,  and  this  abnormality  is  associated  with  estrogen- 
independent  growth  as  well  as  a  poor  response  to  tamoxifen  therapy.  To  evaluate  this 
phenomenon,  human  breast  cancer  cells  with  and  without  HER-2/iieM  overexpression 
were  grown  as  subcutaneous  xenografts  m  nude  mice.  As  expected,  in  vivo  growth  of 
estrogen-dependent,  estrogen  receptor-positive  MCF-7  cells  was  completely  suppressed 
by  tamoxifen,  a  classical  antiestrogen,  as  well  as  by  ICI  182,780,  a  pure  antiestrogen. 

In  contrast,  MCF-7  cells  with  HER-2//ie«  receptor  overexpression  were  completely 
resistant  to  tamoxifen  and  only  partially  sensitive  to  ICI  182,780.  Treatment  of  HER- 
2//ieii -overexpressing  MCF-7  cancer  cells  with  a  monoclonal  antibody  directed  against 
HER-2/nea  receptor  in  combination  with  tamoxifen  resulted  in  restoration  of  tamoxifen 
sensitivity  to  levels  found  in  MCF-7  cells  without  overexpression.  Moreover,  in  cells 
containing  HER-2/neM  overexpression,  estradiol  further  promotes  interaction  between 
estrogen  receptor  and  estrogen-responsive  elements.  This  latter  effect  is  blocked  by  ICl 
182,780  but  not  by  tamoxifen.  Treatment  with  tamoxifen  combined  with  HER-2/neK 
antibody,  however,  reestablishes  the  growth  inhibitory  effects  of  tamoxifen.  This 
therapeutic  effect  of  antireceptor  antibody  in  combination  with  tamoxifen  may  be  related, 
in  part,  to  the  state  of  tyrosine  phosphorylation  of  estrogen  receptor.  These  data 
indicate  that  binding  of  HER-2/nea  receptor  by  antireceptor  antibody  enhances  the 
therapeutic  efficacy  of  antiestrogens  in  human  breast  cancer  cells  which  overexpress 
HER-2/neM  oncogene. 


10 


Oncogene  Activation 

and  Breast  Cancer  Progression 


Richard  J.  Pietras,  PhD,  MD 
and  Mark  D.  Pegram,  MD 


GENE  ALTERATIONS  IN  HUMAN  BREAST  CANCER 

Gene  alterations  play  an  important  role  in  the  origin  and  pathogenesis  of  human  breast 
cancer.  Three  broad  categories  of  gene  changes  that  appear  to  contribute  to  tumor  pro¬ 
gression  include  tumor  suppressor  genes,  repair-mutator  genes,  and  oncogenes  (1). 
Inherited  defects  in  some  somatic  genes  appear  to  be  responsible  for  development  of 
hereditary  and  familial  breast  cancer,  estimated  at  1%  and  5%,  respectively,  of  all  breast 
cancer  cases.  Identified  alterations  include  mutations  in  tumor  suppressor  genes  such  as 
p53  in  Li-Fraumeni  syndrome  (2,3).  Mutations  in  the  BRCA 1  gene  at  chromosome  1 7q2 1 
have  been  documented  in  familial  breast  cancer  (4).  A  separate  locus  on  chromosome 
13ql3,  the  BRCA2  gene,  v^^as  also  associated  with  familial  breast  cancer  (5,6).  Recent 
studies  suggest  that  BRCA  1  may  represent  a  repair-mutator  gene,  a  gene  responsible  for 
maintaining  the  fidelity  of  DNA  duplication  (7).  The  failure  of  gene  surveillance  can 
result  in  further  alterations  in  gene  function  and  thereby  increase  the  mutation  rate  of 
other  genes.  Presumably,  tumor  suppressor  genes  and  oncogenes  would  be  prominent 
targets  of  faulty  repair-mutator  genes  (1,7). 

Oncogenes  are  genes  directly  responsible  for  cancer  progression  and  often  present  as 
altered  versions  of  proto-oncogenes,  which  are  normally  involved  in  the  control  of  cell 
growth  and  differentiation  (1,3).  In  the  breast  cancer  cell,  qualitative  or  quantitative 
differences  are  found  between  the  proto-oncogene  and  its  corresponding  oncogene.  The 
proto-oncogene  can  become  an  oncogene  when  a  mutation  in  the  coding  region 
constituitively  activates  the  biologic  activity  of  the  protein  product  without  affecting  the 
total  amount  of  the  product.  Alternatively,  a  proto-oncogene  can  become  an  oncogene 
when  excess  product  occurs  from  amplification  (multiple  copies)  of  the  gene  or  from 
mutation,  rearrangement,  insertion,  or  deletion  of  the  regulatory  region  of  gene  (8).  The 
oncogenes  are,  in  turn,  involved  in  the  regulation  of  a  complex  series  of  cyclin-dependent 
kinases  and  other  cell  cycle  modulators  that  determine  progression  through  the  cell 
division  cycle  (3).  Other  categories  of  genes  and  their  products  that  affect  tumor  progres¬ 
sion  include  hormonal  influences  and  angiogenic  factors,  topics  that  are  detailed  in  other 
chapters  of  this  volume. 

From:  Contemporary  Endocrinology:  Endocrinology  of  Breast  Cancer 
Edited  by:  A.  Manni  ©  Humana  Press  Inc.,  Totowa,  NJ 


133 


134 


Part  III  /  Tumor  Progression 
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Fig.  1 .  Hypothetical  scheme  for  malignant  progression  of  human  breast  cancer.  Some  genes  may 
be  inherited  in  an  altered  (Ap53),  deleted  i-p53),  or  amplified  (+HER-2)  form  during  the  course 
of  breast  cancer  development  and  progression.  Amplification  of  the  HER-2/neu  gene  is  not  found 
in  normal  breast  tissue  or  hyperplasia/dysplasia  (nonmalignant  tissue)  but  is  found  in  ductal  in  situ 
carcinoma  and  in  invasive  ductal  carcinoma  of  the  breast.  In  the  early  stages  of  tumorigenesis, 
cyclin  D  gene  expression  appears  to  be  prevalent  in  noncomedo  ductal  carcinoma  in  situ  (96), 
whereas  overexpression  of  the  HER-2/neu  gene  tends  to  predominate  in  comedo-type  ductal 
carcinoma  in  situ  (1 6).  In  more  advanced  breast  malignancies,  coamplification  of  c-myc  and 
HER-2/neu  genes  appears  to  occur  infrequently  in  most  studies,  suggesting  that  activation  of  these 
oncogenes  may  represent  independent  avenues  in  breast  cancer  development.  See  text  and  inde¬ 
pendent  reviews  (134-136)  for  additional  details  on  other  potential  gene  alterations  in  breast 
cancer  progression.  (Adapted  from  refs.  134-136,  with  permission.) 


MOLECULAR  GENETICS  OF  BREAST  CANCER  PROGRESSION 

Breast  cancer  progression  is  hypothesized  to  occur  by  an  accumulated  series  of  genetic 
and  phenotypic  changes  in  pathways  regulating  cell  growth  (Fig.  1).  Intraductal  carci¬ 
noma  or  ductal  carcinoma  in  situ  is  the  earliest  histologic  pattern  considered  a  breast 
cancer.  Cells  within  these  malignant  ducts  have  the  cytologic  features  of  more  advanced 
malignancy  but  grow  within  the  confines  of  an  intact  basement  membrane  without  micro¬ 
scopic  evidence  of  invasion  (Fig.  1 ).  Ductal  carcinoma  in  situ  appears  capable  of  progres¬ 
sion  to  invasive  cancer.  Inherited  or  somatic  genetic  changes  in  oncogenes,  tumor 
suppressor  genes,  DNA  repair  machinery,  and  cell  cycle  checkpoints  lead  to  in  situ 
carcinoma  and  subsequently  to  invasion  and  metastasis.  Familial  disease  may  bypass  one 
or  more  steps  in  this  postulated  cascade.  With  classic  cytogenetic  methods  and  studies  of 
loss  of  heterozygosity  (LOH),  gene  regions  identified  as  commonly  rearranged,  ampli¬ 
fied,  or  otherwise  altered  have  been  commonly  detected  at  chromosomes  1,3,6, 7,  8, 9, 
1 1,  13,  15,  16,  17,  18,  and  20  (3,6).  Application  of  comparative  genomic  hybridization 
has  also  implicated  chromosomes  10,  12,  and  22  in  the  malignant  process.  As  in  most 
human  cancers,  the  most  common  genetic  abnormality  in  breast  cancer  is  loss  of  specific 
chromosome  arms.  LOH  analysis  of  polymorphic  DNA  markers  points  to  chromosomes 
and  subregions  of  chromosome  arms  likely  to  harbor  tumor  suppressor  genes.  LOH 
generally  allows  expression  of  a  recessive  mutant  in  an  allele  of  a  tumor  suppressor  gene 
by  removal  of  a  dominant  normal  allele,  as  in  the  case  of  p5 3  expression  (1-3). 

The  second  most  common  type  of  cytogenetic  alteration  in  breast  cancer  appears  to  be 
gene  amplification  (3,8).  Karyotype  analysis  and  chromosome  in  situ  hybridization 
approaches  such  as  comparative  genomic  hybridization  or  microfluorescent  in  situ  hybrid¬ 
ization  (FISH)  point  to  amplified  chromosomal  loci  likely  to  harbor  oncogenes.  The 
initial  step  in  gene  amplification  may  involve  the  formation  of  extrachromosomal,  self- 
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Fig.  2.  Metaphase  spread  of  chromosomal  material  from  a  breast  cancer  cell  line  that  shows  ampli¬ 
fication  of  the  HER-2/neu  gene.  The  fluorescence  in  situ  hybridization  (FISH)  method  was  used  to 
evaluate  SKBR3  cells  that  have  overexpression  of  the  HER-2/neu  gene  at  the  upper  limit  of  that 
usually  observed  in  clinical  specimens.  Punctate  fluorescence  is  due  to  labeled  probe  specific  for  the 
HER-2/neu  gene  (16).  (Courtesy  of  Dr.  G.  Pauletti,  UCLA  School  of  Medicine,  Los  Angeles  CA.) 


replicating  units  termed  double-minute  chromosomes.  These  elements  then  become 
permanently  incorporated  into  chromosomal  regions  and  are  termed  homogeneous  stain¬ 
ing  regions  (Fig.  2).  An  amplified  genetic  unit  (amplicon)  is  initially  much  larger  than  the 
actual  size  of  the  principal  gene  of  biologic  importance.  Irrelevant  or  silent  genes  may 
also  be  coamplified  with  one  or  more  expressed  genes  on  an  amplicon  (3,8). 

ONCOGENE  AMPLIFICATION  IN  BREAST  CANCER  PROGRESSION 

The  best  established  examples  of  amplified  and  functional  genes  for  breast  tumorigen- 
esis  (dominant  oncogenes)  include  the  growth  factor  receptor  gene  c-neu/HER-2  (c-erb 
B2)  and  the  nuclear  transcription  factor  c-myc  (Table  1 ).  However,  the  genetic  diversity 
of  breast  cancer  is  reflected  in  the  various  oncogenes  implicated  in  breast  cancer  progres¬ 
sion  (3).  Gene  amplification  occurs  at  the  following  loci:  HER-2/neu  (chromosome  1 7q  1 2, 
20-30%  of  tumors)  and  c-myc  (8p24, 20%  of  tumors).  Genes  encoding  cell  cycle  kinase 
regulatory  proteins,  such  as  cyclin  D1  (PRADl/CYDl  [chromosome  1  lql3]),  are  also 
commonly  amplified  in  about  1 5%  of  human  breast  cancers  and  are  considered  oncogenes 
(Table  2).  Other  candidate  oncogenes  showing  amplification  at  specific  loci  include  the 
fibroblast  growth  factor  receptor  oncogene  FLG  at  chromosome  8p  1 2  ( 1 0-1 5%  of  tumors) 
and  BEK  at  chromosome  10q26  (10-15%  of  tumors),  the  insulin-like  growth  factor 
receptor  oncogene  IGFR  at  chromosome  15q24-25  (2%  of  tumors),  and  unidentified 
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Table  1 


Proto-oncogene  Abnormalities  and  Clinical  Correlates  in  Human  Breast  Cancer'* 


Proto-oncogene 

Product 

Abnormality 

Clinical  correlate 

HER-2/neu 

185-kDa  membrane 

Gene  amplification/ 

Poor  prognosis; 

growth  factor 

overexpression; 

poor  response  to 

receptor 

increased  product 

therapy 

HER-l/EGFR 

170-kDa  membrane 
growth  factor 
receptor 

Gene  overexpression 

Poor  prognosis?; 
predicts  response  to 
therapy 

c-myc 

67-kDa  nuclear 

Gene  amplification/ 

Predicts  early  relapse, 

transcription  factor 

overexpression 

poor  prognosis 

c-ras 

21-kDa  G-binding 

Amplification; 

Does  not  correlate 

membrane  protein 

point  mutation; 
rearrangement 

with  overall  survival 

cyclin  Dl/PRADl 

Regulator  ofG,-S 
transition 

Gene  overexpression 

Correlates  with 
estrogen  receptor 

“Data  derived  from  prior  investigations  on  HER-2  (3, 6, 8,14,15),  EGFR  (43—48),  c-myc  (52,69-74),  c-ras 
(77-81),  and  cyclin  D1  (93-96). 


Table  2 


Candidate  Proto-oncogenes  and  Clinical  Correlates  in  Human  Breast  Cancer** 


Candidate  gene 

Product 

Abnormality 

Clinical  correlate 

AIBl 

Steroid  receptor 
coactivator 

Gene  amplification/ 
overexpression 

7 

int-2 

27-kDa  protein 

Gene  amplification 

7 

FLG,  BEK 

Fibroblast  growth 
factor  receptors 

Gene  amplification 

7 

IGFR 

Insulin-like  growth 
factor  receptor 

Gene  amplification 

7 

Ornithine 

decarboxylase 

Enzyme  in  polyamine 
biosynthesis 

Gene  overexpression 

7 

Cathepsin  D 

Proteinase 

7 

Poor  prognosis? 

MMrPertv-like 

gene 

Undefined 

9 

7 

“Data  derived  from  prior  investigations  on  AlBl  (9),  int-2  (3,136,137),  FLG,  BEK,  IGFR  (3,136,137), 
ornithine  decarboxylase  (110,118),  cathepsin  D  (105-108),  and  MMTV  e«v-like  genes  (124-132). 


genes  at  chromosomes  13q31,  17q22-24,  and  20ql  1-13.2  (Table  2)  (3).  AIBl,  a  steroid 
receptor  coactivator  amplified  in  approximately  10%  of  human  breast  cancers,  was 
recently  identified  at  chromosome  20q  1 2 .  Altered  expression  of  this  protein  may  contrib¬ 
ute  to  development  of  steroid-dependent  cancers  (9). 

With  the  exception  of  c-myc  ^ndPRADl/CYDl,  gene  amplification  in  breast  cancer 
commonly  involves  one  of  several  growth  factor  receptors.  Growth  factor  receptor 
pathways  play  a  critical  role  in  human  breast  cancer  progression  (10).  In  particular, 
members  of  the  epidermal  growth  factor  receptor  (EGFR)  family  of  growth  factor 
receptors  (EGFR,  HER-2/«eM/erb  B2,  HER-3/erbB3,  HER-4/erb  B4)  appear  to  play  a 
critical  role  in  breast  cancer  progression.  Receptors  for  HER-2,  HER-4,  and  EGFR 
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Fig.  3.  Simplified  model  for  growth  factor  receptor  regulation  of  the  growth  of  human  breast  cancer 
cells.  The  natural  secretory  products  of  mammary  cells  are  abundant  sources  of  growth  factors  that 
may  contribute  to  breast  carcinogenesis  (3).  HER-2/neM  receptor  is  a  transmembrane  tyrosine  kinase 
that  forms  a  heterodimer  with  HER-3  and  other  EOF  receptor-related  proteins  for  binding  growth 
factors  such  as  heregulin  (8,10,11).  The  MEK-Hneu  receptor  signaling  pathway  is  modulated  by 
adaptor  proteins,  the  mitogen-activated  protein  kinase  (MAPK)  pathway,  and  the  ras  signaling 
pathway  to  promote  changes  in  nuclear  transcription.  Downstream  elements  such  as  phospholipase 
Cy,  PI-3-kinase,  GTPase  activating  protein,  and  adaptor  proteins  such  as  SHC  are  part  of  the 
HER-2  receptor  signaling  machinery  but  are  not  shown  here  (see  Fig.  5)  (10).  In  contrast  to 
HER-2/«eM,  the  tyrosine  kinase  catalytic  site  of  HER-3  has  absent  or  reduced  kinase  activity  (36)  and 
has  sites  that  may  afford  specificity  for  activation  of  PI3  kinase  (3  7).  Cross-communication  between 
HER-2/neu  signaling  and  estrogen  receptor  (ER)  signaling  also  occurs  in  breast  cancer  (29). 


have  up  to  80%  sequence  homology,  predominantly  in  the  tyrosine  kinase  domain,  and 
encode  transmembrane  glycoproteins  with  tyrosine  kinase  activity  that  appears  essen¬ 
tial  for  the  signaling  function  of  these  molecules  (Fig.  3).  These  receptors  transmit 
growth  and  differentiation  signals  to  the  intracellular  machinery  (ra^/MAP  kinase 
cascades)  in  response  to  specific  ligands  such  as  heregulins  or  EGF.  By  contrast, 
the  HER-3  receptor  has  substitutions  in  several  important  amino  acids  in  its  tyrosine 
kinase  domain  and  may  have  reduced  or  absent  enzymatic  activity  (10).  However,  the 
HER2/neM  receptor  can  form  functional  receptor  heterodimers  with  HER-3  and  with 
each  of  the  other  EGFR  family  members  (10,11). 

Although  several  members  of  the  EGFR  family  appear  to  be  overexpressed  in  breast 
cancer  (6,10,11),  amplification  and  overexpression  of  the  HER-2  gene  has  been  studied 
most  extensively.  The  gene  known  as  neu,  erb  B2,  or  HER-2  was  first  identified  as  a 
dominant  transforming  gene  activated  in  chemically  induced  rat  neuroectodermal  tumors 
(12).  Although  the  original  oncogenic  alleles  of  neu  were  found  to  have  a  single  point 
mutation  in  the  transmembrane  domain  of  the  product  (13),  the  receptor  is  activated  in 
human  breast  cancer  only  through  amplification  and  overexpression  of  the  wild-type 
gene.  Reports  by  Slamon  and  colleagues  (14,15)  presented  ideal  studies  of  the  changes 
in  HER-2/«eM  oncogene  expression  in  breast  cancer  specimens.  The  investigators  used 
Southern,  Northern,  and  Western  blots  and  immunohistochemistry  for  HER-2/«eM  detec¬ 
tion  in  1 87  breast  tumor  specimens  to  analyze  the  amount  of  HER-2/neM  expression  at 
gene,  RNA  transcript,  and  protein  levels.  The  latter  work  and  ensuing  studies  established 
that  20-30%  of  breast  tumors  have  amplification  of  the  HER-l/neu  gene  and  overexpress 
the  encoded  protein,  a  185-kDa  transmembrane  tyrosine  kinase  receptor  for  growth 
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Fig,  4.  Representative  photomicrograph  of  breast  tumor  tissue  after  fluorescence  in  situ  hybrid¬ 
ization  (FISH)  using  a  labeled  probe  specific  for  tho HER-2/neu  gene  (16),  Example  shows  ampli¬ 
fication  of  the  HER-2/neu  gene  as  observed  in  a  primary  breast  cancer  specimen.  (Courtesy  of 
Dr.  G.  Pauletti,  UCLA  School  of  Medicine,  Los  Angeles,  CA.) 

factors  (3,10,11, 14, 15).  The  temporal  occurrence  of  HER-2  gene  amplification  in  breast 
tumor  progression  has  also  been  studied  in  several  recent  investigations.  In  one  notable 
work,  amplification  of  HER-2/neu  was  assessed  by  FISH  in  a  range  of  proliferative  and 
malignant  ductal  lesions  of  the  breast,  allowing  for  interphase  analysis  of  gene  copy 
number  on  a  cell  by  cell  basis  (Fig.  4)  (16).  Using  the  latter  approach,  HER-2/neu  ampli¬ 
fication  was  found  to  be  restricted  to  ductal  carcinoma  in  situ,  predominantly  in  the 
comedo  type,  and  to  invasive  carcinoma  and  was  not  detected  in  nonmalignant  intraduc¬ 
tal  proliferations  such  as  ductal  hyperplasia  and  atypical  ductal  hyperplasia.  Amplifica¬ 
tion  was  almost  exclusively  restricted  to  in  situ  and  invasive  carcinomas  of  high  histologic 
grade  (16).  The  work  suggests  that  HER-2/neu  gene  amplification  is  an  early  event  in  the 
development  of  high-grade  ductal  malignancies,  but  that  oncogene  alterations  are  not 
evident  in  early  hyperproliferative  or  premalignant  atypical  ductal  lesions  (16-18).  Inde¬ 
pendent  work  shows  that  expression  of  HER-2/«eM  is  maintained  during  progression 
from  intraductal  to  invasive  phases  of  growth  in  the  same  tumor  tissue  (19-21). 
Overexpression  of  HER-2/«eM  is  also  maintained  in  metastatic  lesions,  suggesting  a 
continuing  function  for  HER-2/«eM  (19).  However,  HER-2/«eM  overexpression  prob¬ 
ably  represents  only  one  histomorphologic  pathway  of  breast  tumorigenesis.  A  sig¬ 
nificant  subset  of  breast  carcinomas  probably  do  not  develop  from  HEK-2/neu 
overexpression,  and  independent  and/or  complementary  molecular  events  are 
required  to  explain  these  alternate  pathways  to  malignancy  (Table  1)  (2).  As  noted 
above,  the  development  of  cancer  is  a  process  that  involves  not  only  the  activation 
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EGF  agonists 


HER-1 
grb2)  receptor 


HRG  B 


HER-2  HER-3  HER-4 

shc/DAG+IPS 


S  G2  M 


Fig.  5.  Hypothetical  scheme  for  interaction  of  a  growth  factor  receptor  pathway  with  that  of  other 
tumor  suppressor  and  proto-oncogene  products  in  the  regulation  of  cell  growth.  The  cell  cycle  is 
controlled  by  an  ordered  series  of  cyclins,  cyclin-dependent  kinases  (CDKs)  and  their  inhibitors, 
such  as  p21AVAFl,  which  is  modulated,  in  turn,  by  p53  gene  products  (1,41,42,138).  Growth 
factor  receptors  (HER-1,  HER-2,  HER-3,  HER-4)  and  their  respective  ligands  (EGF  ligands: 
HER- 1 ;  heregulin  ligand  family:  HER-3,  HER-4),  ras  signaling  pathways  (ras,  REF,  MEK,  MAP 
kinase),  and  c-myc  gene  products  are  also  postulated  to  influence  these  regulatory  events.  Func¬ 
tional  domains  of  c-myc  are  indicated,  including  the  transcriptional  activation  domain  (TAD), 
nonspecific  DNA-binding  domain  (NDB),  basic  specific  DNA-binding  domain  (b),  helix-loop- 
helix,  and  leucine  zipper  oligomerization  domains  (HLH-ZIP)  (136).  See  text  for  details. 


of  oncogenes  but  also  the  dysregulation  of  tumor  suppressor  and  repair-mutator  gene 
function  (1—3,17)  (Fig.  5). 

CLINICAL  IMPLICATIONS  OF 
HER-2/neu  GENE  OVEREXPRESSION  IN  BREAST  CANCER 

HER-2/«eM  overexpression  is  associated  with  poor  prognosis  in  patients  with  node¬ 
positive  and  node-negative  breast  cancers  (3,8,14, 15,21).  In  addition,  overexpression  of 
the  HER-2  receptor  is  associated  with  a  poor  clinical  response  to  certain  chemotherapeu¬ 
tic  (22-24)  and  antihormonal  drugs  (25-29).  There  is  currently  ongoing  debate  about  the 
efficacy  of  standard  chemotherapy  in  breast  cancer  patients  whose  tumors  have  high 
levels  of  HER-2  receptor  (3,30),  but  several  studies  suggest  that  patients  whose  tumors 
overexpress  HER-2  respond  worse  to  antihormone  treatment  (31).  Further  well-designed 
clinical  trials  should  help  to  clarify  these  important  problems. 

Since  activation  of  the  HER-2/«eM  signal  transduction  pathway  correlates  with  the 
ability  of  HER-2/neM  to  transform  breast  epithelial  cells,  the  occurrence  of  the  HER-2/«eM 
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gene  in  human  breast  cancers  has  significant  therapeutic  implications  (8,10).  Monoclonal 
antibodies  directed  to  the  extracellular  domain  of  the  HER-2/«eM  receptor  reduce  the 
proliferation  of  breast  cancer  cells  that  overexpress  HER-2  receptors,  thus  providing  a 
rationale  for  the  therapeutic  targeting  of  this  growth  pathway.  In  addition,  monoclonal 
antibodies  to  the  HER-2/neu  receptor  have  been  found  to  sensitize  breast  cancer  cells  to 
chemotherapeutic  agents  that  elicit  damage  to  cellular  DNA  (32,33).  A  recombinant 
humanized  monoclonal  antibody  to  the  HER-2  receptor  is  currently  in  phase  III  clinical 
trials  alone  and  in  combination  with  chemotherapeutic  drugs  (34).  Depending  on  the 
latter  results,  treatment  with  HER-2-specific  monoclonal  antibodies  alone  or  in  combi¬ 
nation  with  other  agents  may  prove  to  be  an  important  new  therapy  for  breast  cancer. 

THE  ROLE  OF  THE  EPIDERMAL 
GROWTH  FACTOR  RECEPTOR  IN  BREAST  CANCER 

The  EGER  is  a  170-kDa  transmembrane  receptor  with  tyrosine  kinase  activity  (35). 
EGER  shares  considerable  sequence  homology  with  other  members  of  the  type  I  receptor 
tyrosine  kinase  family,  HER-2/neM,  HER-3,  and  HER-4  (Eig.  5)  (35-37).  The  structural 
motifs  in  this  family  include  four  conserved  domains:  two  cysteine-rich  extracellular 
domains,  which  are  critical  for  ligand  binding,  a  hydrophobic  transmembrane  domain, 
and  a  cytoplasmic  kinase  domain.  In  addition  to  the  kinase  activity  of  the  cytoplasmic 
portion  of  EGER,  the  phosphorylated  form  of  EGER  has  high-affinity  recognition  sites 
for  Grb-2  (growth  factor  receptor  bound-2),  SHC,  and  SH2  (src  homology  type-2)  domain- 
containing  proteins  (such  as  those  found  in  phospholipase  C-y)  (38,39).  As  an  adaptor 
protein  forming  a  complex  between  activated  tyrosine  kinases  and  ras,  Grb-2  serves  a 
crucial  link  between  EGER  and  SOS,  a  ras  guanosine  triphosphate/guanosine  diphos¬ 
phate  (GTP/GDP)  exchange  protein  (40,41).  Eormation  of  the  EGPR/Grb-2/SOS  com¬ 
plex  serves  to  catalyze  the  ra^-activated  exchange  of  GTP  for  GDP.  In  a  simplified  model 
of  receptor  tyrosine  kinase  signal  transduction  (Pig.  5),  activated  ras  stimulates  ra/kinase, 
which,  in  turn,  phosphorylates  MEK  (a  MAP-kinase  kinase)  and  MAP  kinases,  leading 
to  regulation  of  the  function  of  nuclear  transcription  factors  that  direct  mitogenesis  or 
differentiation.  The  complexity  of  EGER  signaling  is  amplified  by  the  several  ligands 
that  bind  to  EGER,  including  EGP,  transforming  growth  factor-a  (TGP-a),  amphiregulin, 
and  cripto- 1 ,  and  by  the  capability  of  EGER  to  transactivate  other  type  I  tyrosine  kinases 
including  HER-2/«eM  and  HER-3  receptors  (Pig.  5)  (42). 

The  gene  encoding  EGER,  c-erb-B,  is  localized  to  chromosome  7  and  is  homologous 
to  the  v-erb-B  oncogene.  Although  transfection  of  EGER  alone  is  insufficient  for  trans¬ 
formation  of  mammalian  cells,  cotransfection  of  EGER  with  one  of  its  activating  ligands, 
such  as  EGP  or  TGP-a,  does  result  in  transformation,  thus  establishing  EGER  as  a  proto¬ 
oncogene.  A  role  for  EGER  in  the  pathogenesis  of  breast  cancer  is  suggested  by  the  fact 
that  the  receptor  and  some  of  its  ligands  are  overexpressed  in  a  significant  fraction  of 
breast  cancers  compared  with  expression  levels  seen  in  normal  breast  tissues  (43,44).  In 
contrast  to  the  c-erb  B-2  gene,  the  c-erb  B  proto-oncogene  is  generally  not  amplified  in 
breast  cancers,  with  overexpression  due  to  an  increase  in  production  of  the  protein  prod¬ 
uct.  The  clinical  importance  of  EGER  overexpression  was  first  suggested  by  Sainsbury 
et  al.,  who  reported  that  EGER  is  an  independent  predictor  of  early  relapse  and  death  in 
patients  with  breast  cancer  (45).  However,  several  following  reports  have  offered  widely 
conflicting  results  on  the  prognostic  significance  of  EGER  expression  in  breast  cancer. 
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Comprehensive  reviews  of  the  latter  cohorts  (46,47)  conclude  that  (1)  based  on  results 
from  40  studies  comprising  5232  patients,  EGFR  overexpression  is  found  in  about  45% 
of  all  breast  cancers  (range  14-91%);  (2)  EGFR  overexpression  is  often  associated  with 
shortened  relapse-free,  but  not  overall,  survival  by  univariate  analysis;  (3)  the  prognostic 
significance  of  EGFR  overexpression  is  lost  on  application  of  multivariate  analyses  that 
control  for  other  prognostic  variables  such  as  c-erb  B-2  overexpression;  (4)  there  is  a  lack 
of  statistical  association  between  EGFR  and  tumor  size,  lymph  node  status,  tumor  cell 
differentiation/grade,  or  menopausal  status;  (5)  overexpression  of  both  EGFR  and 
HER-2/neM  portends  a  particularly  poor  prognosis;  and  (6)  there  is  a  highly  significant 
inverse  correlation  between  EGFR  expression  and  steroid  (estrogen  and  progesterone) 
receptor  expression  (4  7).  Furthermore,  there  appears  to  be  an  inverse  association  between 
EGFR  overexpression  and  the  response  to  antiestrogen  therapy  in  breast  cancer  (48). 
These  combined  data  suggest  that,  whereas  EGFR  expression  may  not  be  a  useful  prog¬ 
nostic  factor  in  breast  cancer,  it  may  be  a  useful  predictive  factor  for  response  to  hormonal 
therapy.  Support  for  this  hypothesis  is  provided  by  laboratory  experiments  showing  that 
transfection  of  EGFR  into  hormone-dependent  breast  cells  results  in  hormone  indepen¬ 
dence,  loss  of  estrogen  receptor  (ER)  and  progesterone  receptor  (PgR)  expression,  and 
acquired  resistance  to  tamoxifen  (49,50).  Indeed,  emerging  data  also  suggest  a  potential 
role  for  EGFR  in  resistance  to  chemotherapy.  Doxorubicin-resistant  MCF-7  cells  have 
increased  expression  of  EGFR,  and  transfection  of  EGFR  into  breast  cells  confers  resis¬ 
tance  to  certain  chemotherapeutic  drugs  (51).  A  main  difficulty  in  the  use  of  EGFR  as  a 
predictive  marker  in  breast  cancer  is  the  lack  of  standardization  in  the  measures  of  EGFR 
protein  in  tumor  samples.  Popular  methods  include  immunohistochemical  and 
radioligand  binding  assays.  Unfortunately,  antibodies,  labeling  approaches,  and  cutoff 
values  to  discriminate  positive  from  negative  results  differ  significantly  in  each  study. 
Until  uniform  standards  are  established,  the  precise  role  of  EGFR  expression  in  breast 
cancer  progression  will  remain  uncertain.  It  is  likely  that  tumor  expression  of  EGFR 
ligands  and  other  type  I  receptors  transactivated  by  EGFR  contributes  to  the  clinical 
significance  of  EGFR  expression  and  should  be  evaluated  in  parallel  in  future  studies. 
The  potential  role  of  EGFR  in  tumor  initiation  or  transition  from  preinvasive  to  invasive 
malignancy  also  remains  to  be  assessed. 

THE  ROLE  OF  c-myc  IN  BREAST  CANCER 

The  cellular  homologue  of  v-myc,  c-myc,  is  a  439-amino  acid  nuclear  phosphoprotein 
that  functions  as  a  transcription  factor.  It  is  often  overexpressed  in  breast  cancer  with 
amplification  of  the  c-myc  gene  on  chromosome  8q24  (52).  The  structure  of  c-myc 
includes  an  amino-terminal  transcription  activation  domain,  a  basic  DNA  binding  domain, 
a  helix-loop-helix  motif,  and  a  leucine-zipper  motif  (Fig.  5).  The  latter  two  motifs  are 
responsible  for  the  formation  of  both  homo-  and  heterodimers.  Heterodimeric  complexes 
between  myc  and  an  18-kDa  helix-loop-helix  protein,  mctx,  bind  specifically  to  E-box 
DNA  sequences  (CACGTG),  resulting  in  transcription  activation.  By  contrast,  max 
homodimers  inhibit  transactivation,  and  max  complexed  with  another  helix-loop-helix 
protein,  mad,  also  inhibits  transcription  in  conjunction  with  the  corepressor  protein,  Sin3. 
myc  expression  is  induced  by  a  variety  of  growth  factors,  including  EGF,  TGF-a,  insulin¬ 
like  growth  factor-I  (IGF-I),  and  heregulin,  and  by  steroid  hormones  such  as  estradiol  and 
progesterone  (53-56).  A  specific  estrogen-responsive  region  of  the  c-myc  gene  has  been 
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found  (57),  and  constitutive  upregulation  of  c-myc  expression  is  noted  in  ER-negative 
breast  cells  (58).  Inhibition  of  estrogen-induced  expression  of  c-myc  protein  by  an 
antisense  oligonucleotide  results  in  arrest  of  estrogen-stimulated  cell  proliferation  (59). 
c-myc  expression  is  attenuated  by  antiestrogens  in  ER-expressing  breast  cell  lines  (57), 
and  also  by  TGF-p  or  oncostatin  M,  factors  that  inhibit  the  growth  of  mammary  epithelial 
cells  in  vitro  (60,61).  This  regulation  of  c-myc  expression  by  estrogen  and  by  mitogenic 
growth  factors  that  are  known  to  be  expressed  in  breast  tissues  suggests  a  role  for 
dysregulation  of  c-myc  in  the  malignant  transformation  of  breast  epithelia. 

The  transformation  of  normal  epithelial  cells  by  c-myc  requires  cooperation  with  other 
oncogenes  or  peptide  growth  factors.  For  example,  human  mammary  A1N4  cells  trans¬ 
fected  with  c-myc  could  only  form  colonies  under  anchorage-independent  conditions 
with  the  addition  of  exogenous  EGF,  TGF-a,  or  basic  fibroblast  growth  factor  (bFGF) 
(62).  This  suggests  that  c-myc  overexpression  alone  is  not  sufficient  for  tumorigenesis. 
In  support  of  this  hypothesis,  transgenic  mice  produced  by  microinjection  with  a  mouse 
mammary  tumor  virus  long  terminal  repeat  (MMTV-LTR)  c-myc  construct  into  pronu¬ 
clei  of  fertilized  eggs  results  in  mice  that  develop  mammary  tumors  but  only  after  a  long 
latency  period  and/or  multiple  pregnancies.  Such  latency  periods  suggest  that  other  gene¬ 
tic  alterations  must  take  place  in  addition  to  c-myc  overexpression  to  result  in  malignant 
degeneration  of  breast  epithelia  (63-65).  The  fact  that  double  transgenic  strains  in  which 
c-myc  is  co-overexpressed  with  v-Ha-ra5,  c-neu,  or  TGF-a  results  in  a  shorter  latency  to 
onset  of  breast  tumors  also  supports  this  view  (66-68). 

A  summary  of  30  studies  published  between  1986  and  1996  on  the  incidence  and 
prognostic  significance  of  c-myc  gene  amplification  in  breast  cancer  was  recently  reported 
by  Watson  et  al.  (69).  In  this  analysis,  encompassing  over  5,000  breast  tumors,  the 
amplification  rate  was  about  15%  (range  l%-33%).  Wide  variability  in  the  results  is 
probably  due  to  technical  differences  in  patient  selection,  cutoff  points  for  gene  ampli¬ 
fication,  contamination  of  tumor  cell  populations  by  stromal  cells  (in  studies  using  South¬ 
ern  blot  techniques),  and  the  use  of  different  control  genes.  Nonetheless,  the  incidence 
of  c-myc  amplification  in  these  studies  is  near  the  approximate  20%  incidence  of  c-myc 
amplification  found  in  breast  carcinoma  cell  lines  (70).  Genetic  rearrangements  of  c-myc 
are  found  infrequently  in  breast  cancer  (71).  Despite  considerable  variability  in  correla¬ 
tions  between  c-myc  amplification  and  other  established  prognostic  factors  in  breast 
cancer,  there  is  a  relatively  consistent  association  detected  with  pathologic  grade  (69).  In 
addition,  other  reports  have  demonstrated  an  association  between  c-myc  amplification 
and  shortened  relapse-free  or  overall  survival,  lymph  node  status,  DNA  ploidy,  steroid 
hormone  receptor  status,  cathepsin  D  expression,  and  inflammatory  breast  cancer  (52). 
With  the  exception  of  one  study  (72),  coamplification  of  c-myc  and  c-erb  B-2  appears  to 
be  a  very  infrequent  occurrence.  In  one  provocative  report,  a  significant  association 
between  c-myc  amplification  and  LOH  on  chromosome  Ip  was  noted,  suggesting  the 
possibility  of  a  tumor  suppressor  gene  at  this  locus  that,  when  lost,  may  facilitate  c-myc 
amplification  (73).  Overexpression  of  c-myc  in  the  absence  of  gene  amplification  also 
occurs  in  breast  cancer  and,  although  there  is  general  agreement  in  these  studies  that 
c-myc  expression  is  increased  in  breast  tumor  cells  relative  to  adjacent  normal  cells,  it 
remains  unclear  what  impact  this  event  may  have  on  prognosis.  There  is  recent  evidence 
that  N-wyc  protein  is  also  overexpressed  in  breast  carcinomas  in  the  absence  of  gene 
amplification,  and  this  finding  may  correlate  with  tumor  stage,  grade,  and  clinical  out¬ 
come  (74). 
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Tos  SIGNAL  TRANSDUCTION  PATHWAY  IN  BREAST  CANCER 

The  three  human  ras  proto-oncogenes  encode  four  homologous  21-kDa  proteins: 
H-ra^,  K-rai'  4A,  K-ra^  4B,  and  N-ras  (75-78).  As  shown  in  Fig.  5,  ras  plays  a  key  role 
as  an  intermediate  for  signal  transduction  initiated  by  ligand  binding  of  receptor  tyrosine 
kinases.  Activated  ras  targets  mitogen-activated  serine/threonine  protein  kinases  (MAP 
kinases)  via  raf  and  MEK.  MAP  kinases,  in  turn,  translocate  to  the  nucleus,  where  they 
regulate  the  activity  of  nuclear  transcription  factors,  ras  localization  to  the  cell  membrane 
is  critical  for  its  function,  and  ras  undergoes  a  series  of  posttranslational  modifications 
resulting  in  a  mature  form  of  the  protein  that  is  membrane  associated,  ras  is  initially 
prenylated,  undergoes  proteolytic  cleavage  of  three  C-terminal  amino  acid  residues,  and 
then  undergoes  methylation  of  the  C-terminal  carboxyl  group  of  the  prenylated  cysteine 
residue  exposed  by  proteolysis.  Finally,  ras  proteins  may  be  further  modified  by 
palmitoylation  to  stabilize  membrane  association  (75).  The  activity  of  mature  ras  pro¬ 
teins  is  regulated  by  binding  of  guanine  nucleotides,  such  that  GTP-bound  ras  is  activated 
and  GDP-bound  ras  is  inactive  (76).  Coordination  of  the  phosphorylation  of  ra^-bound 
guanine  nucleotides  is  accomplished  by  guanine  nucleotide  exchange  factors,  such  as 
SOS,  and  GTP-ase  activating  proteins  (GAPs).  Oncogenic  activation  of  ras  by  point 
mutations  in  critical  regions  that  govern  ras-GDP/GTP  cycling  render  ras-GTP  resistant 
to  GAP.  ras  is  constitutively  activated  by  such  mutations.  Although  carcinogen-induced 
mammary  cancers  in  rats  frequently  exhibit  ras  mutations,  point  mutations  of  ras  are 
found  in  <5%  of  sporadic  human  breast  carcinomas  (77).  This  low  incidence  of  ras 
mutations  does  not  exclude  the  possibility  that  alterations  in  the  activity  of  normal  ras 
proteins  might  be  intimately  involved  in  the  pathogenesis  of  breast  cancer.  Indeed, 
several  lines  of  evidence  point  to  a  role  for  ras  activation  in  the  emergence  of  breast 
malignancy. 

First,  overexpression  of  normal  H-ras  protein  has  been  reported  in  human  breast 
tumors  (78, 79).  Transfection  of  activated  ras  into  MCF-7  breast  carcinoma  cells  also 
increases  tumorigenicity  (80),  and  oncogenic  ras  transfection  into  normal  breast 
epithelial  cells  (MCF-lOA)  results  in  cellular  transformation  (81).  Transgenic  mice 
with  mutant  ras  expression  directed  to  breast  tissue  develop  mammary  tumors,  and 
there  is  cooperation  with  other  oncogenes  such  as  c-myc  in  double  transgeneic  mice 
that  develop  mammary  tumors  at  an  even  faster  rate  (68).  H-ra5  rare  alleles,  consist¬ 
ing  of  a  variable  number  of  tandem  repeats  of  a  28-bp  region  capable  of  binding 
NF-kB  transcription  regulatory  proteins,  may  also  be  associated  with  an  increased 
risk  of  breast  cancer  (82).  Recently,  data  from  Migliaccio  et  al.  showed  that  estradiol 
can  activate  the  p21ras-MAP  kinase  pathway  in  MCF-7  breast  cells,  possibly  via 
activation  of  c-src  protein  (83).  Such  data  implicate  ras  as  a  possible  intermediate  for 
estrogen  in  breast  cells.  Our  understanding  of  the  role  of  ras  proteins  in  initiation  or 
progression  of  breast  cancer  is  hampered  by  the  fact  that  there  is  no  reliable  method 
available  for  measurement  of  ras  activity  in  premalignant  or  malignant  breast  tissues. 
Several  investigators  have  examined  ras  expression  levels  in  malignant  breast  tis¬ 
sues  and  find  that  increased  expression  levels  are  detectable  in  55—71%  of  cases. 
However,  expression  of  ras  does  not  appear  to  correlate  with  other  clinicopathologic 
variables  or  with  patient  outcome  (84).  It  is  possible  that  studies  of  new  chemical 
agents  that  target  and  disrupt  ras  will  help  to  elucidate  further  the  role  of  ras  signal 
transduction  in  breast  neoplasia  (85). 
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AMPLIFICATION  OF  CHROMOSOME  llql3  AND  EVIDENCE  FOR 
CYCLIN  D1  AND  int-2/FGF-3  AMPLIFICATION  IN  BREAST  CANCER 

The  earliest  studies  of  the  chromosome  1  lql3  region  in  breast  cancer  were  driven  by 
the  observation  that  its  mouse  homolog  is  a  frequent  site  for  integration  by  MMTV.  The 
observation  that  this  region  is  sometimes  amplified  in  breast  cancers  prompted  a  search 
for  proto-oncogenes  in  this  region.  The  MMTV  integration  site,  designated  int-2,  involved 
a  segment  of  DNA  harboring  two  closely  linked  polypeptide  growth  factors,  FGF-3  and 
FGF-4,  which  have  oncogenic  potential  and  may  afford  a  selective  growth  advantage  for 
cells  with  1  lql3  amplification.  However,  neither  of  these  genes  are  expressed  in  normal 
mammary  epithelia;  and,  in  human  tumors  with  1  lql3  amplification,  there  is  no  concor¬ 
dant  increase  in  FGF-3  or  FGF-4  transcripts.  Thus,  it  appears  that  the  latter  genes  may 
be  silent  passengers  in  this  specific  amplicon  rather  than  genes  with  significant  amplifi- 
cation/overexpression  leading  to  an  aberrant  increase  in  protein  activity  as  seen  with 
other  amplified  oncogenes  such  as  c-erbB-2.  These  findings  prompted  further  inspection 
of  the  1  lql3  amplicon  to  identify  new  candidate  oncogenes. 

Other  lines  of  evidence  pointed  to  this  region  as  harboring  an  oncogene  because  the 
segment  is  the  target  of  the  t  (1 1;14)(ql3,q32)  translocation  in  mantle  cell  lymphoma; 
and,  in  parathyroid  adenomas,  an  inversion  of  part  of  chromosome  1 1  fuses  the  1  lql3 
region  to  the  parathyroid  hormone  gene  on  1  lpl5  (86,87).  Ultimately,  cyclin  D1  was 
recognized  as  the  leading  candidate  gene  operative  on  the  1  lql3  amplicon  (88).  cyclin 
D1  was  isolated  by  differential  screening  of  cDNAs  from  llql3  amplified  vs 
nonamplified  libraries,  cyclin  D1  expression  was  induced  by  various  growth  factors,  and 
immunostaining  localized  cyclin  D1  protein  to  the  cell  nucleus  (88).  It  was  recognized 
that  the  yeast  homolog  of  cyclin  D1  was  able  to  rescue  the  GpS  transition  in  yeast  cells 
that  were  deficient  in  G|  cyclins,  and  sequence  analysis  revealed  homology  of  the  human 
product  to  other  cyclin  proteins.  Coimmunoprecipitation  experiments  demonstrated  asso¬ 
ciation  of  cyclin  D 1  with  cyclin-dependent  kinases,  resulting  in  a  complex  that  is  able  to 
phosphorylate  and  inactive  pl05  Rb  and  pi 07  Rb-related  proteins  (88).  Furthermore,  it 
is  noteworthy  that  cyclin  Dl-/-  knockout  mice  demonstrate  absence  of  lobuloalveolar 
structures  in  breast  tissues  during  terminal  differentiation  (89).  In  a  transgenic  mouse 
model,  under  the  control  of  the  MMTV  promoter,  cyclin  Dl  overexpression  in  mammary 
tissues  results  in  hyperplasia  and  neoplasia  (90).  However,  when  cyclin  Dl  driven  by  the 
immunoglobulin  enhancer,  transgenic  mice  do  not  develop  overt  lymphomas  unless  they 
are  crossed  with  other  oncogenes  such  as  myc  or  ras  (91),  suggesting  that  factors  other 
than  cyclin  Dl  overexpression  alone  are  required  for  the  transition  from  benign  to 
malignant  growth.  This  hypothesis  is  supported  by  transfection  studies  in  mammalian 
cells,  which  demonstrate  a  lack  of  transformation  and  an  overall  decrease  in  cell  viability 
following  cyclin  Dl  transfection,  despite  a  decrease  in  the  GpS  transit  time  (92). 

In  human  breast  cancer,  amplification  of  1  lql3  has  been  well  studied  (reviewed  in 
ref  93).  It  is  amplified  in  approximately  5-23%  of  breast  tumors,  with  most  studies 
detecting  amplification  rates  of  15-20%.  Amplification  of  this  region  is  consistently 
accompanied  by  overexpression  of  cyclin  Dl,  but  emerging  evidence  suggests  that  the 
protein  product  is  much  more  frequently  overexpressed  than  would  be  predicted  based 
on  the  observed  amplification  rate  in  breast  cancer.  Thus,  other  mechanisms  of  cyclin  Dl 
dysregulation  may  be  operative  in  this  malignancy  (94,95).  In  terms  of  the  prognostic 
significance  of  cyclin  Dl  amplification,  several  observations  are  noteworthy.  There  is 
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clear  evidence  that  cyclin  D1  overexpression  is  positively  correlated  with  expression  of 
the  estrogen  receptor  (94-96).  In  some,  but  not  all  studies,  amplification  was  associated 
with  lymph  node  involvement  and/or  adverse  prognosis.  In  a  recent  comprehensive  study 
of  cyclin  gene  amplification  and  overexpression  in  breast  cancer  involving  a  series  of 
1171  breast  tumors,  cyclin  D1  amplification  was  prevalent  in  non-comedo-type  ductal 
carcinoma  in  situ,  suggesting  that  this  amplification  event  may  occur  relatively  early  in 
the  neoplastic  process  (96).  Higher  rates  of  amplification  in  lobular  as  opposed  to  ductal 
breast  carcinomas  were  also  found.  Furthermore,  cyclin  D1  was  frequently  overexpressed 
in  the  absence  of  gene  amplification,  and  no  amplification  of  cyclins  A,  D2,  D3,  and  E 
was  found  in  human  breast  cancers  (96) .  Additional  studies  have  evaluated  protein  expres¬ 
sion  of  cyclin  D1  in  breast  carcinomas,  and,  in  contrast  to  work  showing  an  adverse 
prognosis  associated  with  1  lql3  amplification,  cyclin  D1  protein  overexpression  para¬ 
doxically  identifies  a  patient  subset  with  a  more  favorable  prognosis.  The  latter  finding 
may  be  influenced  by  the  fact  that  many  of  these  cases  are  ER  positive,  and,  thus,  expres¬ 
sion  oi  cyclin  D1  may  be  due  to  induction  by  estrogens  in  malignant  breast  tissue  (95). 
Some  data  on  the  expression  of  cyclin  E  protein  also  suggests  a  possible  role  for  this 
protein  in  tumorigenesis.  Porter  et  al.  (97)  reported  that  high  cyclin  E  levels  portend  a 
poor  prognosis,  even  in  node-negative  breast  cancer  patients.  However,  in  the  latter 
analysis,  the  investigators  did  not  control  for  ER  expression.  Using  a  more  comprehen¬ 
sive,  multivariate  statistical  model  to  control  for  ER  expression,  Nielsen  et  al.  found  that 
the  prognostic  value  of  cyclin  E  overexpression  correlated  strongly  with  an  inverse 
correlation  between  ER  expression  and  cyclin  E  levels  (98). 

OTHER  CANDIDATE  ONCOGENES 
IN  BREAST  CANCER  PATHOBIOLOGY 

Cathepsin  D 

Many  enzymes  capable  of  degrading  extracellular  matrix,  such  as  matrix  metallo- 
proteinases,  cathepsins,  and  plasminogen  activators,  have  been  implicated  in  tumor  pro¬ 
gression  and  metastasis  (99-101).  Cathepsin  D  is  a  lysosomal  acid  protease  whose 
production  in  breast  cancer  cells  is  stimulated  by  estrogen  (102).  Following  translation, 
pro-cathepsin  D  is  proteolytically  cleaved  to  an  active  form  (103).  The  ability  of  the 
active  species  of  cathepsin  D  to  degrade  extracellular  matrix  and  to  activate  other  pro¬ 
teolytic  enzymes  suggests  a  potential  role  for  this  protein  in  breast  cancer  invasion  and 
metastasis  (99,103).  Overexpression  of  cathepsin  D  in  transformed  cells  enhances  their 
malignant  phenotype  and  metastatic  potency.  Furthermore,  cathepsin  D  has  mitogenic 
activity,  and  it  may  act  in  an  autocrine  or  paracrine  fashion  to  promote  tumor  cell  prolif¬ 
eration  (103,104).  Although  initial  clinical  studies  suggested  that  cathepsin  D  may  pro¬ 
vide  significant  prognostic  information  in  patients  with  breast  cancer,  subsequent 
investigations  have  been  conflicting  (105).  Whether  or  not  cathepsin  D  expression  has 
prognostic  or  predictive  value  in  breast  cancer  remains  highly  controversial.  Despite  a 
plethora  of  published  work,  data  to  date  are  too  contradictory  to  draw  meaningful  con¬ 
clusions.  Differences  in  published  studies  are  due  to  an  unparalleled  variety  of  assays, 
reagents,  approaches,  and  arbitrary  clinical  cutoff  values.  Recent  evidence  from  immu- 
nohistochemical  studies  suggests  the  further  problem  that  an  abundance  of  the  cathepsin 
D  found  in  tumor  specimens  may  reside  in  the  stromal  cell  compartment  rather  than  in 
tumor  cells.  Some  of  the  latter  studies  suggest  that  expression  of  cathepsin  D  by  host 
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fibroblasts  and  macrophages  has  prognostic  significance  in  breast  cancer  and  that  such 
expression  may  represent  the  host  response  to  tissue  damage  caused  by  advancing  malig¬ 
nant  cells  (106).  Evidence  from  large  cohorts  of  breast  cancer  patients  suggests  that 
determination  of  total  cathepsin  D  in  cytosol  extracts  from  whole  tumor  specimens  (tumor 
plus  stroma)  has  no  prognostic  utility  (105,107,108).  It  is  likely  that  only  use  of  in  situ 
hybridization  methods  or  in  situ  immunohistochemical  localization  with  monoclonal 
antibodies  to  cathepsin  D  or  pro-cathepsin  D  will  help  to  resolve  the  controversy  on  the 
prognostic  utility  of  cathepsin  D.  Finally,  evaluation  of  the  role  of  related  cathepsins  in 
breast  cancer  may  prove  worthwhile  (109). 

Ornithine  Decarboxylase 

Ornithine  decarboxylase  (ODC)  is  the  first  enzyme  involved  in  the  polyamine  biosyn¬ 
thetic  pathway.  The  polyamines,  putrescine,  spermidine,  and  spermine,  are  present  in  all 
cells,  and  levels  are  tightly  regulated  by  ( 1 )  ornithine  decarboxylase  (110),  (2)  S-adenosyl- 
methionine  decarboxylase,  a  rate-limiting  enzyme  in  spermidine  and  spermine  biosyn¬ 
thesis  in  some  cell  types  (111),  and  (3)  by  enzymatic  degradation  of  polyamines  or 
excretion  via  transport  proteins  (112).  Treatment  of  estrogen-responsive  MCF-7  breast 
cancer  cells  with  estradiol  results  in  induction  of  ornithine  decarboxylase  gene  expres¬ 
sion  (110).  This  induction  can  be  augmented  by  the  addition  of  IGF-I  and  insulin. 
Poly  amines  may  then  exert  growth  regulatory  effects  by  facilitating  the  interaction  of  the 
estrogen  receptor  complex  with  DNA  and  by  regulating  the  expression  of  estrogen- 
inducible  genes  (113,114).  Growth-stimulatory  effects  of  estradiol  can  be  inhibited  by 
DL-a-difluoro-methylomithine,  an  irreversible  inhibitor  of  ODC  (115).  Similarly,  growth- 
inhibitory  effects  of  tamoxifen  can  be  reversed  by  the  addition  of  polyamines,  and 
tamoxifen  has  been  shown  to  decrease  ODC  expression  and  activity  (116).  Cell  transfor¬ 
mation  by  carcinogens,  viruses,  or  oncogenes  is  often  accompanied  by  constitutive  ac¬ 
tivation  of  ODC  (117).  In  breast  cancer  specimens,  malignant  tumor  cell  populations 
have  higher  levels  of  polyamines  than  surrounding  normal  tissues  (118).  Recent  studies 
indicate  that  the  ODC  gene  is  a  transcriptional  target  for  c-myc  and  c-fos  (1 19,120).  A  role 
for  ODC  in  tumorigenesis  is  supported  by  the  transformation  of  NIH/3T3  fibroblasts  on 
transfection  with  ODC  cDNA  (121).  Additional  studies  link  increased  polyamine  bio¬ 
synthesis  with  an  aggressive  breast  cancer  phenotype  (122).  Despite  these  findings,  ODC 
overexpression  in  transgenic  mice  was  not  found  to  induce  murine  tumors  (123).  Although 
enzyme  activity  increased  in  almost  all  tissues,  polyamine  pools  increased  only  in  brain 
and  testis,  underscoring  the  complex  regulation  of  polyamine  pools  by  mechanisms 
independent  of  ODC  expression  (123).  Whether  or  not  ODC  has  significant  independent 
prognostic  significance  in  breast  cancer  remains  to  be  proven.  However,  targeting  polyamine 
biosynthesis  as  a  therapeutic  strategy  for  breast  cancer  may  prove  useful  (110). 

Detection  of  MMTV-Like  Sequences  in  Breast  Cancer 

Studies  of  animal  oncogenic  retroviruses  have  been  fundamental  to  the  discovery  of 
human  cellular  proto-oncogenes  (3,6,11).  As  noted  above,  MMTV  is  an  agent  associated 
with  a  high  incidence  of  breast  cancer  in  mice.  It  acts  as  an  insertional  mutagen  and,  on 
insertion  into  chromosomal  DNA,  activates  genes  not  expressed  in  normal  mammary 
tissue.  Although  efforts  to  demonstrate  the  presence  of  viruses  in  human  breast  cancer 
have  often  yielded  contradictory  results,  several  lines  of  evidence  suggest  a  potential 
association  between  MMTV-like  virus  and  human  breast  cancer.  MMTVenv-related 


Chapter  10  /  Oncogene  Activation 


147 


antigenic  reactivity  has  been  detected  in  breast  tumor  tissue  sections  as  well  as  in  human 
milk,  breast  tumor  cells  in  culture,  and  patient  serum  (1 24-126).  Sequence  homology  to 
MMTV  has  been  noted  in  human  DNA  under  low  stringency  conditions,  and  RNA  related 
to  MMTV  has  been  detected  in  human  breast  cancer  cells  (127,128).  In  addition,  breast 
cancer  patients  show  viral-specific  T-cell  responses  to  MMTV  (129),  and  viral  particles 
have  been  detected  in  human  breast  cancer  cell  lines  and  in  monocytes  from  affected 
patients  (130,131). 

Using  polymerase  chain  reaction  (PCR)  technology,  Pogo  and  Holland  identified  a 
660-bp  sequence  of  the  MMTVenv  gene  in  39%  of  335  breast  cancer  samples  (132).  By 
contrast,  this  PCR  product  was  only  detected  in  1 .6%  of  1 2 1  normal  breast  tissue  speci¬ 
mens  from  reduction  mammoplasty.  The  product  could  not  be  amplified  from  lympho¬ 
cytes  from  breast  cancer  patients  or  from  other  human  cancers  or  cell  lines.  Sequencing 
of  this  PCR  product  revealed  95-99%  homology  to  the  MMTVenv  gene  but  not  to  other 
known  human  endogenous  retroviruses.  Using  reverse  transcription  PCR  analysis,  65% 
of  these  cases  had  evidence  for  transcription  of  these  sequences.  These  investigators  were 
also  able  to  identify  a  630-bp  segment  with  high  homology  to  the  MMTV-LTR.  This 
segment  eontained  both  a  glucocortieoid-responsive  element  and  MMTV  superantigen 
domains  (132).  Taken  together,  these  data  suggest  the  possibility  of  an  MMTV-like  virus 
associated  with  a  significant  fraction  of  human  breast  cancers.  The  notion  that  viruses 
may  play  a  role  in  the  pathogenesis  of  human  malignancies  was  recently  promoted  by  the 
discovery  of  a  member  of  the  herpesvirus  family  associated  with  progression  of  Kaposi’s 
sarcoma  and  multiple  myeloma  (133).  Elucidation  of  a  possible  viral  etiology  for  breast 
cancer  could  have  profound  implications  for  breast  cancer  screening,  prevention,  and 
therapy. 


CONCLUSIONS 

Of  the  more  than  100,000  genes  contained  in  the  genome  of  the  human  breast  cancer 
cell,  only  a  few  have  been  proved  to  be  altered  in  malignant  progression.  HER-2/neu, 
c-myc,  and  cyclin  D1  are  among  the  oncogenes  overexpressed  and  are  probably  involved 
in  the  pathogenesis  of  human  breast  cancer.  With  information  from  studies  of  clinical 
cancer  specimens,  some  distinct  patterns  of  gene  alteration  are  beginning  to  emerge.  The 
results  of  several  investigations  suggest  that  the  pathway  to  cancerous  growth  will  likely 
involve  cooperative  interactions  and  networking  connections  among  oncogenes,  tumor 
suppressor  genes,  and  repair-mutator  genes  (Fig.  5).  The  products  of  oncogenes  and 
their  cross-communication  with  growth  factor  and  hormone  signaling  pathways  also 
appear  to  play  a  major  role  in  breast  cancer  progression.  The  challenge  for  the  future  is 
to  identify  the  specific  sequence  and  pattern  of  gene  activation  in  breast  cancer  and  to 
intensify  our  search  for  other  crucial  molecular  defects  leading  to  unregulated  cell  growth. 
Furthermore,  we  must  clarify  the  role  of  heritable  gene  alterations  in  this  process.  Hope¬ 
fully,  advances  in  this  work  will  help  us  to  devise  novel  therapeutics  based  on  the  unique 
biology  of  these  cancers. 
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